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Abstract
Chemical Bath Deposition of Semiconductor Thin Films & Nanostructures in Novel Microreactors
Kevin M McPeak
Jason B Baxter, Ph.D.
Chemical bath deposition (CBD) offers a simple and inexpensive route to deposit semiconductor
nanostructures and thin films, but lack of fundamental understanding and control of the underlying
chemistry has limited its versatility. CBD is traditionally performed in a batch reactor, requiring
only a substrate to be immersed in a supersaturated solution of aqueous precursors such as metal
salts, complexing agents, and pH buffers. Highlights of CBD include low cost, operation at low
temperature and atmospheric pressure, and scalability to large area substrates.
In this dissertation, I explore CBD of semiconductor thin films and nanowire arrays in batch
and continuous flow microreactors. Microreactors offer many advantages over traditional reactor
designs including a reduction in mass transport limitations, precise temperature control and ease of
production scale-up by “numbering up”. Continuous flow micoreactors offer the unique advantage of
providing reaction conditions that are time-invariant but change smoothly as a function of distance
down the reaction channel. Growth from a bath whose composition changes along the reactor
length results in deposited materials whose properties vary as a function of position on the substrate,
essentially creating a combinatorial library. These substrates can be rapidly characterized to identify
relationships between growth conditions and material properties or growth mechanisms.
I have used CBD in a continuous flow microreactor to deposit ZnO nanowire arrays and CdZnS
films whose optoelectronic properties vary as a function of position. The spatially-dependent opto-
electronic properties of these materials have been correlated to changes in the composition, structure
or growth mechanisms of the materials and ultimately their growth conditions by rigorous spatial
characterization. CBD in a continuous flow microreactor, coupled with spatial characterization,
provides a new route to understanding the connection between CBD growth conditions and the
resulting optoelectronic properties of the film.
xv
The high surface-to-volume ratio of a microreactor also lends itself to in situ characterization
studies. I demonstrated the first in situ x-ray absorption fine-structure spectroscopy (XAFS) study
of CBD. The high sensitivity and ability to characterize liquid, amorphous and crystalline materi-
als simultaneously make in situ XAFS spectroscopy an ideal tool to study the CBD of inorganic
nanomaterials.

1Chapter 1: Introduction
Semiconductor thin films and nanowire arrays have been grown by many different processes including
chemical vapor deposition, molecular beam epitaxy, thermal evaporation, and chemical bath depo-
sition (CBD). CBD, also known as chemical solution deposition, chemical deposition, and aqueous
chemical growth, is a simple deposition method requiring only that a substrate be placed in a vessel
containing a supersaturated solution of dilute aqueous precursors such as metal salts, complexing
agents, and pH buffers. Advantages of CBD include low cost, operation at low temperature and
atmospheric pressure, and scalability to large area substrates. CBD is widely used in the labora-
tory for deposition of chalcogenide semiconductors such as CdS,1,2 CdSe,3 ZnS,4 PbS,5 and PbSe,2,6
and oxides such as ZnO,7,8 In2O3,
9 and SnO2,
10 as well as ternary compounds including Zn1-xCdxO
and CuInSe2.
11,12 The most common commercial application of CBD is the deposition of CdS buffer
layers in the thin film photovoltaic industry.11
CBD is a very old technique with reports of PbS deposition dating as far back as 1844 by
Emerson-Reynolds.13 Over the past decade CBD has experienced an increased level of interest. A
simple literature search in the Web of Science for “chemical bath deposition” shows a steady increase
in publications over the past decade from 53 publications in the year 2000 to 211 publications in 2009.
This renaissance in CBD has been primarily fueled by a need to deposit large area semiconductor
films and nanowire arrays for inexpensive photovoltaic devices. There have been many notable
books and review articles published over the past decade on chemical bath deposition. The book
Chemical Solution Deposition of Semiconductor Films by Hodes11 provides an excellent review
of the underlying principles governing CBD reactions and offers many recipes to deposit various
semiconductor materials. Metal oxide chemistry and synthesis: from solution to solid state by
Jolivet is an excellent resource focusing on the fundamentals of aqueous solution chemistry.14 Nair
and Niesen et al. have also published comprehensive review articles on the subject with Nair’s work
specifically focused on photovoltaic applications for CBD.15,16
2Figure 1.1 outlines the general processes in CBD that lead to deposition on the substrate and/or
precipitation in solution. Depending upon the saturation index of the target material the crystalliza-
tion process can be either thermodynamically controlled or kinetically controlled. Saturation index
(SI) is defined as log( IAPKsp ). Where IAP is the ion activity product and Ksp is the solubility product
of the target material. Ideally the saturation index would be controlled such that precipitation in
solution did not occur. In practice this is nearly impossible to achieve and most CBD reactions re-
sult in an excess of precipitation. Understanding the role of precursors in controlling the saturation
index will be discussed at length in this dissertation.
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Figure 1.1: Processes in chemical bath deposition leading to deposition on the substrate or
precipitation in solution.
Some of the drawbacks of CBD are inefficient utilization of reactants, significant waste solvent
generation,11,17–19 and a lack of detailed understanding of the relationship between growth conditions
and material properties and morphology. Furthermore, a lack of fundamental understanding of the
underlying CBD chemistry has led to criticism for being a recipe-based approach.
The inefficient utilization of reactants and significant waste solvent generation by CBD is a signif-
3icant problem for industrial scale applications.11,17–19 Because the entire bath is heated, deposition
on the substrate is limited by competing precipitation in solution and deposition on the reactor walls.
A large volume of the solvent then supports reactants that do not contribute toward desirable de-
position. Additionally, the solution should be well mixed and uniformly heated to promote uniform
deposition across the entire substrate. Therefore, careful design of the reactor geometry is critical
to efficient utilization of reactants, minimization of waste solvent, and uniformity of deposition.
Much effort has been devoted to developing recipes for producing high quality films, but efficient
conversion of initial metal-containing reactants to a film deposited on the substrate, which hence
will be called yield, has been largely ignored. Low yield is of concern in all industrial processes and
is particularly troublesome for toxic materials such as CdS. CBD yield of CdS is often as low as 2
- 10%.17,19 In chapter two I report the CBD yield of ZnO nanowires below 5% for a conventional
reactor geometry. Several modifications of conventional CBD reactors have been proposed in the
literature to improve yield. Boyle et al. describe a recycle system to recover Cd using a series of
filters and water treatment stages.17 This modification may be necessary when using large quantities
of toxic or expensive precursors; but it is expensive and cumbersome, and a high yield reaction is
much preferred. Boyle’s second modification is to heat only the substrate, rather than the entire
bath.17 This suggestion reduces the rate of precipitation far from the substrate thus improving
the overall yield of the reactor. Improvement in yield can be significant when the ratio of the
substrate surface area to the reactor volume is small. A third method to increase yield is to reduce
precipitation by reducing reactor volume, as suggested by Nair et al.18,19 They employed a variable
length rectangular reactor with substrates forming the two ends;19 and they showed that yield
increases from 5 - 10% to 40 - 50% as the distance between substrates is decreased from 10 mm to
1 mm. Yield increases because a larger fraction of reactants can diffuse to the substrate to deposit
before precipitating in the bulk solution. Additionally, smaller reactors present less wall area on
which to deposit. Nair’s proposal to improve yield by reducing reactor volume leads naturally to
the development of a microreactor for solution deposition. The microreactor design introduced in
chapter two offers both high substrate-surface to volume ratio and direct contact heating of the
4substrate which forms one of the reactor walls. Nanowire or film deposition takes place primarily
on the heated substrate with minimal precipitation in solution or deposition on unheated walls.
Depositing product on the reactor walls is contrary to most microreactors in which the reaction
takes place within the flowing fluid or on supported catalysts on the microreactor walls, and fluid or
particle products are removed in the outlet stream.20,21 The high surface-to-volume ratio of a mi-
croreactor eliminates mass transport limitations by reducing the diffusion length for reactants.20–22
This advantage is critical when a desired surface reaction competes with an undesirable bulk re-
action. Additionally, microreactors have small heat load and can be operated with very precise
temperature control which allows more aggressive process conditions to be explored. Other benefits
of microreactors include ease of production scale-up by “numbering up” rather than resizing reac-
tors, the ability to integrate sensors and actuators, and faster process development due to simplified
transport.20,22
In batch operation of CBD reactors, reaction conditions are uniform across the substrate but
change as a function of time. Because the bath composition is continuously evolving during crystal
growth, it is difficult to directly relate reaction conditions to growth mechanisms and material prop-
erties. In contrast to batch reactors, plug flow reactors offer the advantage of providing reaction
conditions that are time-invariant but change smoothly as a function of distance down the reaction
channel. The reaction proceeds while the solution flows down the channel, so spatial variation of
reaction conditions is determined by both the reaction rate and the flow velocity. Fast flow rates
and slow reactions result in more uniform conditions throughout the reactor, while slow flow rates
and fast reactions provide a large gradient in reaction conditions along the reactor length. Growth
from a bath whose composition changes along the reactor length results in deposited materials
whose properties vary as a function of position on the substrate, essentially creating a combinatorial
library. These substrates can be rapidly characterized to identify relationships between growth con-
ditions and material properties or growth mechanisms. In chapter three and six I use a continuous
flow microreactor (CFµR) to deposit ZnO nanowire arrays and CdZnS thin films respectively with
composition and optoelectronic properties that vary as a function of position. Tailoring the opto-
5electronic properties of CdZnS buffer layers to improve the performance of thin film photovoltaics is
currently an active area of research. One of the key attributes of the combinatorial library deposited
in the CFµR is the ability to directly relate a broad range of film compositions to the optoelectronic
properties of the film on one substrate through spatial characterization.
A few reports exist on the use of confined continuous flow systems to deposit materials on
substrates, although the configurations are different from that reported here. Ito et al. used the liquid
film method to deposit ZnO and CdS films by flowing heated solution over a substrate placed inside
a low-profile reactor.23,24 Relatively fast flow rates were used to create uniform growth conditions
throughout the reactor. Alternatively, Chang and co-workers deposited ZnO, CdS, and polyamides
by using a micromixer to efficiently mix the reactant streams and control the homogenous reaction,
but the solution was then uniformly sprayed or dropped on a heated substrate placed outside the
micromixer.25–28
Predicting the speciation of metal ions in aqueous solutions as a function pH, metal-ion and com-
plexing agent concentration is essential to understanding CBD chemistry. Published thermodynamic
data29 and geochemical modeling software such as PHREEQC30 can be very helpful in predicting
the outcome of CBD reactions. That said, most of the thermodynamic data has been measured at 25
◦C and CBD reactions typically take place temperatures close to 100 ◦C. Temperature corrections
can be applied to the equilibrium constants using the Van’t Hoff equation or other similar models
but the accuracy of these corrections diminishes with increasing temperature.31 Figure 1.2 shows a
predominance diagram for Zn(II) species at 25 ◦C in excess nitrate ions. The plot shows the most
thermodynamically stable Zn(II) species over a wide pH and Zn(II) concentration range. Even in
this simple system which doesn’t contain pH buffering or metal-ion complexing agents five different
Zn(II) species can be present.
CBD of ZnO nanowires is typically performed at 90 ◦C with equimolar Zn(NO3)2 and hexam-
ethylenetetramine (HMTA) concentrations in the 12.5 - 25 mM range. A steady pH in the range
of 5.6 - 5.8 is typically reported for this reaction.32 HMTA is a non-ionic, heterocyclic organic
compound with the formula (CH2)6N4. The set of overall reactions most often referenced in the
6Zn2+
ZnO
Zn(OH)2
Zn(OH)3-
Zn(OH)42-
(aq)
141210864
pH
-1
-2
-3
-4
-5
-6
-7
lo
g 
(Z
n T
) (
M)
Figure 1.2: Predominance diagram for Zn(II) species at 25 ◦C in an aqueous solution. ZnT is
the total amount of Zn(II) present.
literature33 for ZnO nanowire deposition from Zn(NO3)2 and HMTA precursors is:
(CH2)6N4
HMTA
+ 6 H2O
heat−−−→ 4 NH3 + 6 HCOH (1.1)
H2O + NH3 −−⇀↽− NH+4 + OH− (1.2)
2 OH− + Zn 2+ −−⇀↽− ZnO(s) + H2O (1.3)
HMTA decomposes upon heating to form formaldehyde and ammonia (1.1). Ammonia reacts with
water to produce OH – (1.2), which drives the crystallization of ZnO (1.3). The crystallization of
ZnO could be direct, as illustrated in reaction (1.3), or could involve an intermediate zinc hydroxide
phase.32
7There have been several, often conflicting, studies over the past decade that investigated the
growth of ZnO nanowires from HMTA and various zinc salts. Ashfold found that the HMTA
decomposition rate was independent of the ZnO growth rate and concluded that the role of HMTA
was only to buffer the pH in solution.32 Govender concluded that HMTA was not essential to the
growth of ZnO nanowires but that it provided a continuous and convenient source of hydroxide.34
In contrast, Vayssieres proposed that ZnO growth occurred due to the formation and subsequent
thermal decomposition of an intermediate Zn(II)-amine complex.35
Several studies characterizing hydrates of Zn(II)-HMTA salts with infrared spectroscopy have
reported the formation of a Zn(II)-HMTA complex.36–38 However, conclusions regarding hydrated
Zn(II)-HMTA salts are not relevant to an aqueous solution of Zn(II) and HMTA since solvent effects
are not present. Tasker and Wood showed that HMTA acts as a strong structure-maker in water, so
solvent effects must be considered when evaluating interactions between Zn(II) and HMTA.39 Thus,
understanding the role of HMTA and the speciation of Zn(II) in ZnO growth chemistry requires in
situ characterization techniques that are sensitive to the Zn(II) coordination environment. None of
the studies mentioned above characterized the ZnO growth reaction in situ, with the exception of
Ashfold’s pH measurements, nor did they use experimental techniques that were highly sensitive to
the coordination environment of Zn(II).
Speciation diagrams40–42 suggest that Zn 2+ is the predominant Zn(II) species at these conditions.
Figure 1.3 is a speciation diagram for 0.025 M Zn(NO3)2 at 90
◦C in equilibrium with ZnO. The
Van’t Hoff equation was used for temperature correction. Again Zn 2+ appears to be the dominant
Zn(II) species during this reaction.
However, reliable stability constants for Zn(II)-HMTA complexes do not exist and extrapolation
of other stability constants from room temperature to 90 ◦C can introduce considerable uncer-
tainty.31 Therefore, in situ spectroscopy to measure the chemical speciation of the metal ion under
real reaction conditions is essential to understanding the solution chemistry.
In chapter four I present an analysis of in situ x-ray absorption near-edge structure (XANES)
spectra collected during the CBD of ZnO nanowires that shows that only two Zn(II) species are
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Figure 1.3: Speciation diagram for 0.025 M Zn(NO3)2 at 90
◦C in equilibrium with ZnO.
present under normal growth conditions: [Zn(H2O)6]
2+ and ZnO. These results conclusively refute
previous theories that ZnO grows via the thermal decomposition of intermediate Zn(II)-HMTA or
Zn(II)-ammine complexes or the deprotonation of an intermediate zinc hydroxide. The absence of
zinc hydroxide intermediates above the detection limit of ∼0.01 mM supports the formation of ZnO
by a direct crystallization route. Dynamics of induction, nucleation, and growth phases revealed by
time-resolved XANES and the dependence of dynamics on reaction concentration and temperature
are also discussed.
Chapter four shows that HMTA does not act as a metal-ion buffer or complexing agent during
the growth of ZnO nanowires. The thermal decomposition of HMTA provides a controlled source
of hydroxide ions for the crystallization of ZnO. The slow release of hydroxide ions minimizes
the non-equilibrium saturation index of ZnO in solution. Controlling pH in this manner promotes
heterogeneous growth over homogenous nucleation by avoiding a high ZnO saturation index. This
hypothesis is further verified in chapter five where I show that ZnO nanowire arrays can be grown at
9the same conditions as HMTA growth by simply titrating a Zn(NO3)2 and MES (2-(N-morpholino)
ethanesulfonic acid) buffer solution with KOH. It is well known that MES does not form complexes
with metal-ions in solution.43,44 Thus the role of MES in the nanowire growth reaction, like HMTA, is
only to control the pH in solution ensuring that ZnO crystallization is thermodynamically governed.
Furthermore, in situ attenuated total reflection fourier transform infrared spectroscopy was used in
chapter five to show that HMTA does not interact with the surface of ZnO and aid in the anisotropic
growth of the nanowires, as was proposed by Sugunan et al.45
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Chapter 2: Batch Microreactor for High-Yield Chemical Bath Deposition
of ZnO Nanowires
2.1 Introduction
In this chapter, I report the use of a microreactor to deposit ZnO nanowires and films from a
sub-millimeter reaction channel onto a contact-heated substrate that forms one reactor wall. I
compare batch CBD in a microreactor to batch CBD in a vial reactor to investigate the influence
of reactor geometry on deposition characteristics and material properties. The chemistry used in
the microreactor is the same as in conventional CBD, but the high surface-to-volume ratio of the
microreactor improves deposition yield by reducing transport limitations. The microreactor also
enables faster heating which decreases the induction time and increases the deposition rate. Our
microreactor design is compatible with most chemistries currently employed for CBD and can be
used to deposit many materials of interest to the optoelectronic and photovoltaic industries including
chalcogenides and oxides. I have demonstrated the utility of this microreactor design using ZnO
because its wide band gap (Eg = 3.37 eV) and large exciton binding energy (60 meV) enable diverse
applications in UV lasers,46,47 sensors,48 transparent conducting oxides,49,50 and nanostructured
photovoltaics.7,51–55
2.2 Experimental Details
Standard 1 mm thick soda lime glass slides cut to 25 x 45 mm were used as substrates. All substrates
were cleaned by sonicating at 60 ◦C for 10 min in an acetone-isoproponal-DI water bath followed by
sonicating for 10 min in DI water alone. Substrates were seeded with a thin ZnO film by dip coating
in ethanol solution containing 0.375 M zinc acetate and 0.375 M monoethanolamine (MEA) with a
withdrawal rate of 56 mm/min.56,57 Substrates were then annealed on a hotplate at 450 ◦C for 20
min. The resulting ZnO seed films were polycrystalline with thickness of ∼40 nm and grain size of
∼20 nm. Nanowires were deposited from an aqueous solution of 0.025 M zinc nitrate and 0.025 M
hexamethylenetetramine (HMTA) at 90 ◦C using either the microreactor or the vial reactor.
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Figure 2.1: Side view schematic of microreactor used for chemical bath deposition. Deposition
occurs on a contact-heated substrate that forms one wall of the narrow reaction channel.
Details of the growth mechanisms and kinetics for this chemistry have previously been reported
by others.32,34,58,59 For ZnO film growth, the concentration of each precursor was doubled to 0.05
M.34 The home-built microreactor used for ZnO nanowire and film deposition in this study is shown
schematically in Figure 2.1. It consists of a 1 x 18 x 35 mm deposition channel machined from
6061 aluminum with two small holes for filling with solution. A glass substrate, pre-seeded with
ZnO, was pressed against a silicone gasket to seal the channel. A polyimide contact heater (Minco),
which is attached to a piece of plexiglass by double-sided thermally conductive tape, was pressed
against the back surface of the substrate. The whole assembly was then clamped together to prevent
leakage. The substrate faces downward in the reactor to prevent any precipitate from settling onto
the growing nanowires. The deposition channel was rapidly filled with 0.8 mL of precursor solution
using a syringe and the holes were sealed with silicone plugs to prevent evaporation. Temperature
measurements of the microreactor’s aluminum base were combined with a 1-D heat transfer model
with experimentally determined heat transfer coefficients to heat the substrate-solution interface to
90 ◦C. Experiments were performed at two different heating rates, 34 ◦C/min and 10 ◦C/min. All
quoted heating rates are linear approximations of the first order temperature response to heating
during the induction period for each reactor. Temperature increases more slowly as it approaches 90
◦C. Heating the sealed microreactor causes a slight positive pressure to build up in the deposition
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channel. This positive pressure helps avoid outgassing and therefore eliminates bubble formation on
the substrate surface.
For conventional CBD, a 26 mm diameter cylindrical glass vial was filled with 27 mL of precursor
solution and a seeded substrate was dropped in such that the seeded side was angled downward at
approximately 20◦ .5 The vial was then capped and placed in an oven preheated to 90 ◦C.7 The
vial reactor was not mixed during the deposition. A heating rate of 2.5 ◦C/min was experimentally
measured in the vial.
Zn 2+ concentration in the bath and yield of deposition on the substrate were measured using
inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500a). Aliquots were removed
from the microreactor and vial reactor baths upon completion of the reaction time. These samples
were immediately centrifuged to separate precipitate from aqueous zinc ions and complexes, and
precipitate-free supernatant was pipetted into a transfer tube for ICP-MS analysis. To determine
the mass of ZnO deposited on the substrate using ICP-MS, the backside of each substrate was
first swabbed with HNO3 in order to remove residual ZnO seed layer from the dip coating step.
Substrates were then placed in a PFA dish (Savilex) and digested with 2% (v/v) HNO3 for ICP-MS
measurement, where mass of ZnO removed from the substrate is calculated from Zn 2+ concentration
measured in solution. The substrate was transparent upon removal from the PFA dish, indicating
complete digestion of the ZnO.
Nanowires and films were imaged using scanning electron microscopy (SEM, Zeiss Supra 50VP).
Crystal orientation was determined using X-ray diffraction (XRD, Siemens D500) with Cu Kα
radiation. A micro-Raman spectrometer (Renishaw RM1000) with visible (514.5 nm) laser excitation
was used to measure the non-resonant Raman spectra, with spectra acquired in backscattering
geometry at room temperature.
2.3 Results & Discussion
2.3.1 ZnO Nanowire Morphology
ZnO nanowires grown in the microreactor are very similar in morphology to those grown in con-
ventional vial CBD reactors.5,7,34,58,60 The micrographs in Figure 2.2 show ZnO nanowires after 2
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Figure 2.2: Scanning electron micrographs of ZnO nanowires grown in the microreactor (up-
per row) and vial reactor (lower row) for 2 h with 0.025 M aqueous zinc nitrate and HMTA
precursors. (a,c) top view, (b,d) cross-sectional view.
hours of growth in the microreactor (a,b) and in the vial reactor (c,d). Nanowires from both reac-
tors are hexagonal in cross-section, densely packed, vertically-aligned, and 80-100 nm in diameter.
Nanowires grown in the microreactor are ∼540 nm long (Figure 2.2b) while the vial-grown nanowires
are only ∼380 nm long (Figure 2.2d).Nanowire length as a function of time in each of the reactors
is further illustrated in Figure 2.3. Nanowires grown in the microreactor are ∼200 nm long after
only 15 min of growth, while those grown in the vial reactor are only ∼70 nm long after 30 min.
The increased nanowire length in the microreactor at early times is attributed to the microreactor’s
faster heating rate. The smaller initial quantity of reactants in the microreactor limits the deposition
thickness compared to the vial reactor; and after 4 hours the microreactor nanowires are ∼550 nm
long while the nanowires in the vial reactor are ∼860 nm long.
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Figure 2.3: Cross-sectional SEM images of ZnO nanowires grown for different times in the
microreactor (upper row) and vial reactor (lower row). Microreactor images were taken at (a)
15 min, (b) 2 h, (c) 4 h. Vial reactor images taken at (d) 30 min, (e) 2 h and (f) 4 h.
2.3.2 Mass of ZnO Deposited via ICP-MS
Investigation of the rate and yield of deposition require accurate measurement of the mass or volume
of material deposited on the substrate as a function of growth time. Estimating total nanowire
volume using scanning electron micrographs introduces large errors because it requires measuring
average nanowire length, diameter, alignment, and void fraction. These quantities are difficult to
ascertain from a micrograph, and the assumption that quantities measured in a small area are
uniform over the entire substrate is almost certainly incorrect. Instead of using micrographs, I
accurately determine the total mass deposited by ICP-MS analysis of the acid-digested ZnO deposits.
ZnO nanowire deposition was investigated by removing substrates from the reactor at various
times, digesting the deposited ZnO in HNO3, and analyzing the solution by ICP-MS. The average
mass of the ZnO seed layer was also measured by this method and was subtracted from the nanowire
mass. Figure 2.4(a) shows mass of ZnO deposited per area of substrate as a function of time for
the microreactor (34 ◦C/min heating rate) and the vial reactor. The error bars in Figure 2.4 reflect
the standard error of the measured mass in two samples collected at each of the observed times.
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Figure 2.4: (a) Mass of ZnO deposited on the substrate versus time in the microreactor (filled
circles) and the vial reactor (open squares). Inset shows a magnified plot of the first 35 minutes
of growth. Solid lines are curves fit to the data. (b) ZnO deposition rate versus time for the
microreactor (solid) and vial reactor (dashed). Lines are the first order derivative of the curves
in (a). (c) Concentration of Zn 2+ in the bath as a function of time in the microreactor (closed
circles) and the vial reactor (open squares). The microreactor’s fast heating rate, 34 ◦C/min,
and shallow reaction channel result in faster initial deposition and higher maximum growth
rates, with smaller ultimate deposition due to limited initial quantity of reactants.
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Nanowire deposition was first measured at ∼5 min for the microreactor and at ∼15 min for the vial
reactor. These times represent the induction period for each reactor.61 The rapid heating of the
substrate-solution interface in the microreactor reduced the induction period by ∼10 min. After the
microreactor’s induction period, the nanowires experience a 30 min period of rapid growth followed
by several hours of slower growth. The mass of ZnO deposited on the substrate in the microreactor
saturates at 1.0 µg/mm2 after ∼3 h. In contrast, the nanowire growth rate in the vial reactor
gradually increases over the 2 h after its induction period, followed by another 2 - 3 h period of
steady growth. After 4 - 5 h the deposition in the vial reactor slows, and by 6 h deposition has
saturated at 2.3 µg/mm2. The vial reactor, with its larger bath volume of 27 mL, continued to
deposit ZnO on the substrate for a longer period of time than did the microreactor. The relatively
small initial quantity of reactants in the 0.8 mL bath volume of the microreactor limits the extent
of ZnO deposition on the substrate. This limitation is inherent to the microreactor’s high surface-
to-volume ratio design. In chapter three and six a continuous flow microreactor design is explored
which removes this constraint.
2.3.3 Deposition Uniformity and Growth Rate
Nanowires deposited by the microreactor were more uniform in length across the substrate than
those deposited by the vial reactor. These differences were especially noticeable at early times in the
vial reactor deposition. The top of the vial reactor was 7.5 ◦C hotter than the bottom during the
first 15 min of heating. Natural convection is responsible for the temperature gradients in the vial
reactor during the induction period, and these temperature differences affect the early stages of ZnO
nucleation on the substrate. The top 1 cm of the solution in the vial became turbid from precipitation
while the solution near the bottom of the vial stayed clear during the induction period. After 15 min,
sections of the substrate closest to the top of the vial displayed patches of nanowire growth while
regions of the substrate near the bottom of the vial showed more uniform coverage of nanowires. This
difference in deposition can be explained by the increased precipitation near the top of the vial, which
reduces the reactant concentration and their flux to the substrate. In contrast, the microreactor’s
contact heater and horizontal orientation eliminate lateral temperature and concentration gradients
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along the surface of the substrate. Nanowires deposited in the microreactor at early stages of growth
(5 min) displayed uniform coverage over the entire substrate, except for areas within 1 mm of the side
walls of the deposition channel where the substrate temperature is lower. In addition to nanowire
length and uniformity, deposition rate is also critical to the growth process. The ZnO deposition
rate was determined by empirically fitting a function to the reactor’s deposition versus time data
and calculating its first order derivative. Microreactor deposition was fit well by the NIST MGH10
function which gives an exponential rise to a maximum, while the vial reactor data was fit using
the Gompertz function to capture the sigmoidal shape. These fits are shown in Figure 2.4(a), and
deposition rate as a function of time is plotted in Figure 2.4(b). The ZnO deposition rate in the
microreactor reaches a maximum of 1.0 µg/mm2/h at 12 min into the reaction while the vial reactor
does not reach its maximum deposition rate of 0.60 µg/mm2/h until 3.5 h into the reaction. The
fast heating rate of the microreactor results in much faster deposition rates than those in the vial
reactor during the first hour of growth. Additionally, the maximum deposition rate is significantly
higher for the microreactor and occurs much earlier in the deposition. The microreactor deposition
rate rises rapidly, but then decreases quickly after the first 30 minutes of growth. In contrast, the
vial reactor undergoes a slow induction period followed by a longer sustained period of moderate
growth rates. Deposition rates as a function of time and bath concentration can be used to further
elucidate the limiting factors of crystal growth. For ZnO formation from zinc nitrate and HMTA,
the overall reactions leading to nanowire deposition are:33
(CH2)6N4
HMTA
+ 6 H2O
heat−−−→ 4 NH3 + 6 HCOH (2.1)
H2O + NH3 −−⇀↽− NH+4 + OH− (2.2)
2 OH− + Zn 2+ −−⇀↽− ZnO(s) + H2O (2.3)
HMTA decomposes upon heating to form formaldehyde and ammonia (2.1), with the latter reacting
with water to produce OH – (2.2), which drives the precipitation of ZnO (2.3). Depending on
the growth conditions, the limiting reactant could be either Zn 2+ or OH – . While many aquo-
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, hydroxo-, amine-, and nitrate- zinc complexes could also be formed, speciation diagrams and
electrochemical analysis suggest that Zn 2+ is the predominant species at the pH and temperature
ranges of these experiments.32 Hence I refer to the reactive Zn species as Zn 2+. Jolivet suggests
that the kinetics of ZnO deposition are primarily controlled by the slow release of OH – resulting
from the decomposition of HMTA,14 but he does not define the region of [Zn 2+] and pH over which
this control is maintained. To determine whether HMTA decomposition controlled deposition in
this case, I examined the deposition rate as a function of [Zn 2+] in the bath.
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Figure 2.5: ZnO deposition rate versus Zn 2+ bath concentration in the microreactor (closed
circles) and the vial reactor (open squares). At low Zn 2+ concentrations in the microreactor,
a decreasing deposition rate with decreasing Zn 2+ concentration is observed which indicates
Zn-limited reaction conditions. Deposition at high Zn 2+ concentrations in the microreactor
and vial reactor does not appear to be Zn-limited.
Deposition rate as a function of concentration, Figure 2.5, is based upon concentration versus
time data from Figure 2.4(c). For the microreactor, Figure 2.5 shows a decreasing growth rate with
decreasing [Zn 2+] for concentrations less than or equal to 0.02 mol/L. This relationship of growth
rate to [Zn 2+] indicates that Zn 2+ is the limiting species for this pH and concentration regime in
the microreactor. However, concentrations above 0.02 mol/L do not fit this behavior because they
occur during the first 15 minutes of the reaction when both the temperature and the pH of the
bath are changing rapidly. In this case, OH – is believed to be the rate-limiting species, not Zn 2+.
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Complementary pH measurements to determine OH – concentration in the microreactor were not
possible, but pH was measured in the vial with 2.0 ◦C/min and 6.5 ◦C/min heating rates to give
qualitative supporting information. In both cases, a rapid decline in pH occurred during heating
as OH – is consumed by initial deposition and precipitation. This decline is followed by a gradual
increase in pH as HMTA decomposes to release OH – . pH eventually stabilizes to a constant value
as HMTA decomposition balances ZnO formation. It appears that OH – is indeed the limiting
species in the microreactor at early times when [Zn 2+] is high, but Zn 2+ becomes limiting as Zn is
consumed and HMTA decomposition proceeds to buffer the pH.
The maximum deposition rate in the vial reactor occurs at [Zn 2+] of 0.01 mol/L. The deposition
rate increases as Zn is depleted during the first 3 hours of the reaction, indicating that OH – is the
rate-determining species at early times in the vial reactor. While the general trend follows that of
the microreactor, the maximum deposition occurs at much later time and lower concentration. It is
unlikely that this difference is solely due to heating rate, as the vial temperature reaches 90 ◦C in
less than one hour. The large quantity of precipitate initially formed in the vial quickly consumes
large amounts of OH – , and it is possible that the kinetics of HMTA decomposition are slow enough
that OH – remains limiting until [Zn 2+] is quite low.
2.3.4 Deposition Yield
In addition to higher initial and maximum deposition rates, the microreactor also showed an order
of magnitude higher deposition yield than the vial reactor. Yield was calculated by dividing the
moles of ZnO deposited on the substrate at a given time, determined from Figure 2.4(a), by the
initial moles of Zn in the chemical bath. Figure 2.6 shows ZnO nanowire yield as a function of time
for the microreactor and the vial reactor, with error bars based on the errors calculated in Figure
2.4(a). A sequence of data is reported for the microreactor with a fast heating rate of 34 ◦C/min,
while a single point at 4 hours was measured for a slower heating rate of 10 ◦C/min. The vial reactor
was heated at 2.5 ◦C/min. Given the same starting precursor concentrations in both reactors, yield
normalizes the deposited mass data from Figure 2.4(a) by the bath volume. Both reactors have
approximately the same deposited mass but the volume of the microreactor bath is over 30 times
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Figure 2.6: Yield as a function of time in the microreactor at a heating rate of 34 ◦C/min
(closed circles) and in the vial reactor (open squares). Dotted line is a guide for the eye. The
microreactor geometry results in significantly higher yield. A single point at 4 h with even
higher yield is also shown for the microreactor heated at the slower rate of 10 ◦C/min (open
circle).
smaller, resulting in much higher yield. With a heating rate of 34 ◦C/min, the microreactor yield
increases with time until saturating at ∼37% after 3 h. The ultimate microreactor yield increased
to ∼48% when heated at 10 ◦C/min. Faster heating increases the amount of initial precipitation
in the solution, and the nucleation and growth of these precipitates competes for reactants with
nanowire growth. This competition between bulk precipitation and deposition in the microreactor
is clearly shown by observing that the [Zn 2+] of the bath,Figure 2.4(c), continues to decrease after 3
h even though the mass of ZnO deposited on the substrate has reached steady state, Figure 2.4(a). I
believe that the [Zn 2+] continues to decrease by continued growth of precipitates in the channel. As
bulk precipitates grow, their surface area increases and creates new reaction sites for the depletion
of Zn 2+. Reactants in the channel must diffuse past these increasingly large precipitates to reach
the substrate. At some critical point, the rate of bulk precipitation overtakes the rate of surface
deposition due to the increased probability that Zn 2+ ions react on precipitate surface before they
can reach the substrate. This effect is not seen in the vial reactor because precipitates can settle
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to the bottom of the vial, which is many millimeters from the substrate and therefore outside the
diffusion zone. Bulk precipitation in the microreactor can be mitigated by reducing the heating
rate to discourage initial nucleation of precipitates at the onset of supersaturation and increase the
ultimate yield. A balance between yield and deposition rate must be struck based upon the goals
and constraints of individual processing applications.
The maximum yield obtained by the vial reactor in the oven was only 5% after 6 h. This yield was
recorded for a single substrate in a 27 mL bath as described in the experimental section and would
vary depending on the size and shape of the vial and the number of substrates it contains. Custom
sized reactors could be used to allow multiple substrates to fit in the reactor, which would increase
the vial reactor yield by increasing the ratio of substrate surface to bath volume. However, only
a single substrate of the size detailed in the experimental section fits in the 27 mL cylindrical vial
reactor, so the maximum yield for our vial and substrate geometries was 5%. The idea of matching
the reactor geometry to the substrate size is accomplished very well with the microreactor. According
to Figure 2.4(c), 20% of the initial Zn 2+ remains in the vial reactor after 6 h; therefore 75% of the
initial Zn 2+ reactant has been lost to precipitation or wall deposition. Most of this loss is due to
precipitation, which occurs in large quantities in the vial reactor, while some ZnO deposits are also
seen on the reactor walls. In contrast, after 5 h in the microreactor a similar fraction of the initial
Zn 2+ remains in solution, but the high yield results in only ∼40% of the initial reactants being
lost to precipitation or wall deposition. Some precipitates are observed within the microreactor,
and examination by SEM after deposition reveals ZnO deposition on the aluminum base of the
microreactor channel as well. The aluminum is not seeded and is at lower temperature than the
glass substrate so deposition is slower, but some sparse deposition occurs nonetheless. This sparse
ZnO can then provide nucleation sites for heterogeneous deposition in subsequent growth runs, so
the microreactor was cleaned periodically to remove these adventitious deposits.
The yield of the microreactor is significantly higher than the yield of the vial reactor because
the shorter transport length offered by the high surface-to-volume ratio geometry allows reactants
to diffuse to and deposit on the substrate faster than they can precipitate. Heating the substrate
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from the back also reduces precipitation in the channel and deposition on the non-substrate reactor
walls by creating a temperature gradient across the solution. Calculations using a 1-D heat transfer
model show the far reactor wall temperature to be ∼10 ◦C lower than the substrate temperature.
The lower temperature results in slower kinetics and less growth on the reactor wall as well as less
precipitation in the channel.
2.3.5 Crystallinity of ZnO Deposition
In addition to morphology, deposition rate, and yield, I also investigated crystal quality and defect
structure of the deposited materials and found that ZnO nanowires grown in the microreactor were
equivalent or superior to those grown in the vial. X-ray diffraction (XRD) of the nanowires grown in
the microreactor shows a single major peak at 34.48◦ that corresponds to the (0002) plane of wurtzite
ZnO. 2θ scans of the nanowires as well as the ZnO seed film are shown in Figure 2.7 along with
lines corresponding to peak heights of a reference wurtzite ZnO powder. XRD patterns of nanowires
grown in the vial reactor look essentially identical to those from the microreactor nanowires. Other
peaks such as (1010) and (1011) that are larger than the (0002) peak in the powder diffraction
pattern are not observed in the nanowire diffraction pattern, indicating that the ZnO c-axis is
well-aligned perpendicular to the substrate. This high degree of alignment is reactor-independent
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Figure 2.7: X-ray diffraction 2θ scans of nanowires grown in the microreactor and vial reactor
for 3 h and for the ZnO seed film. Vertical bars show intensities for a wurtzite ZnO reference
powder. The presence of only the (0002) peak indicates vertical alignment of ZnO c-axis.
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and is mainly due to nucleation and growth from a well-aligned ZnO seed layer.62 The ZnO seed
layer shows only the (0002) diffraction peak at 34.34◦. The shift of the (0002) peak in the seed film
from that of the nanowires and the powder diffraction reference is likely due to strain that is induced
in the 40 nm thick film by crystal growth on the amorphous glass substrate. Broadening of the seed
layer’s (0002) diffraction peak is attributed to the small grain size (∼20 nm) of the film.11 The very
small peak at 31.08◦ in the nanowire diffraction pattern is thought to be from an alternate phase
of ZnO63 which was observed in the micrographs as tabular crystals sparsely scattered amidst the
nanowires. These tabular crystals were present on substrates grown in the microreactor and in the
vial reactor and, therefore, are not believed to be a result of the microreactor’s rapid heating or high
surface-to-volume ratio geometry.
Raman spectra of the ZnO nanowires grown in the microreactor show that the nanowires are the
same quality as those grown in the vial reactor. Figure 2.8 shows that the Raman spectra of ZnO
nanowires grown in each reactor exhibit a sharp peak at 438 cm−1. This peak is the high frequency
E2 mode, which corresponds to the oxygen sublattice and indicates good crystal quality.
64 The broad
peak centered at 565 cm−1 is from the soda lime glass substrate. The position of the E2(high) peak
Figure 2.8: Raman spectra of ZnO nanowires grown in the microreactor and in the vial reactor.
The E2(high) peak is from ZnO’s oxygen sublattice, while the broad peak centered at 565 cm
−1
is from the glass substrate.
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was independent of the reactor, indicating that the faster growth rate in the microreactor did not
induce strain in the lattice. The difference in intensity of the E2(high) peak is due to slight differences
in nanowire alignment, length, or packing density between these samples, which primarily results
from variations in the seed layer. I conclude that crystal quality is maintained by the microreactor
geometry compared to conventional CBD.
2.3.6 ZnO Thin Film Growth
While the previous discussion has described the growth of ZnO nanowires, the microreactor can
also be used to grow ZnO thin films. For example, I have deposited ZnO thin films using the same
microreactor by simply doubling the concentration of zinc nitrate and HMTA to 0.05 M. Figure 3.9
shows plan view and cross-sectional SEM images of the ZnO films. Films were 1.4 µm thick after 3
h of growth with an average grain size of 220 nm. Many of the columnar grains have coalesced, and
completely continuous films could be grown by further modifying the bath composition.
In the photovoltaics industry, ZnO films are used for transparent conducting electrodes and anti-
reflective coatings, and CdS thin films are used for buffer layers. I have clearly demonstrated the
advantages that the microreactor provides over traditional CBD reactors for the deposition of ZnO.
The microreactor’s high surface-to-volume design would also provide similar benefits of increased
deposition yield for CBD of CdS films.15 Increased yield is particularly important for CBD of CdS
due to the toxicity of the waste solvent. CBD is also commonly used to deposit ZnO nanowire arrays
which act as the nanostructured electrode in dye-sensitized solar cells.7,51,52 One constraint of the
current microreactor design is that the film thickness is limited by the volume of the bath, which is
inherently small due to the shallow reaction channel. However, I have recently built a continuous
flow microreactor to overcome this limitation, enabling solution deposition of thicker films and longer
nanowire arrays as well as materials with graded composition and properties. Deposition of oxide
nanowire arrays and chalcogenide thin films in a continuous flow microreactor are discusses in detail
in chapter three and four.
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Figure 2.9: SEM of ZnO films grown in the microreactor for 3 h with 0.05 M aqueous zinc
nitrate and HMTA. (a) top view, (b) cross-sectional view.
2.4 Conclusions
I have demonstrated the use of a microreactor that uses a shallow reaction channel and a contact-
heated substrate to increase yield and deposition rate compared to a conventional CBD reactor
while maintaining equivalent material quality. Our detailed investigation of ZnO nanowire growth
showed that the microreactor increased the deposition yield by almost a factor of 10 and increased
the maximum deposition rate by 60% compared to a vial reactor. Nanowires deposited in the
microreactor are equivalent in morphology, crystallinity, and alignment to those grown in the vial
reactor; and the increased deposition rate in the microreactor did not induce strain or additional
defects in the ZnO lattice. The microreactor has been described in this chapter using the example of
ZnO deposition; but this reactor design is also applicable to other materials that can be deposited
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by CBD. The microreactor for CBD is currently patent pending.65 Future microreactor designs
could also incorporate optical and electrochemical diagnostics for in situ monitoring and analysis to
further elucidate growth mechanism and characterize properties of growing films.
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Chapter 3: ZnO Nanowires Grown by Chemical Bath Deposition in a
Continuous Flow Microreactor
3.1 Introduction
In this chapter, I report the use of a continuous flow microreactor (CFµR) to deposit ZnO nanowires
from a chemical bath whose composition changes along the length of the reactor, and I relate reaction
conditions to ZnO growth mechanisms and properties with unprecedented detail. The chemistry used
in the CFµR is the same as that in batch CBD reactors, but the spatially graded bath composition
resulting from the plug flow enables observation of different nanowire morphologies, growth mecha-
nisms and material properties on a single substrate. Spatially-resolved characterization of a single
substrate reveals that, along the direction of flow, nanowire lengths decreased, morphology changed
from pyramidal tops to flat tops, growth mechanism transitioned from two-dimensional nuclei to
spiral growth, and the ZnO band gap was blue-shifted due to compressive strain. A series of flow
rates and inlet concentrations were used to further correlate reaction conditions to ZnO morphology
and properties. We have demonstrated the utility of the CFµR using ZnO because its wide band
gap (Eg ≈ 3.3 eV) and large exciton binding energy (60 meV) enable diverse applications in UV
lasers,46,47 sensors,48 transparent conducting oxides,49,50 and nanostructured photovoltaics.7,51–55
However, this microreactor design can also be used to deposit thin films and nanowires of many
materials of interest to the optoelectronic and photovoltaic industries including chalcogenides and
oxides. In chapter six this reactor is used to deposit CdZnS thin films.
3.2 Experimental Details
The home-built CFµR used for ZnO nanowire deposition is shown schematically in Figure. 3.1. It
consists of a 1 x 18 x 45 mm oval deposition channel, with a total volume of 0.72 mL, and vertical
inlet and outlet ports (Upchurch) machined from 6061 aluminum. A substrate was pressed against
a silicone o-ring to seal the channel. A copper plate with an embedded micro-thermocouple (RTD
Corp.) was pressed against the back surface of the substrate. The copper plate was heated from the
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Figure 3.1: Cross-sectional schematic view of continuous flow microreactor used for chemical
bath deposition. Deposition occurs on a contact-heated substrate that forms one wall of the
shallow reaction channel.
back by a kapton thin film heater which was attached to a piece of PMMA by thermally conductive
tape. The temperature of the copper plate was controlled with a PI controller which was able to
maintain set point to within +/- 0.1 ◦C. The whole assembly was then bolted together to prevent
leakage. The substrate faces downward in the reactor to prevent any precipitate from settling onto
the growing nanowires. Syringe pumps were used to flow each of the room-temperature aqueous
precursors into a dynamic mixer (Gilson 811) with a 65 µl chamber, and the well-mixed solution
was then fed into the reaction chamber via 0.04” ID PEEK tubing.
ZnO nanowires were deposited at 90 ◦C from equimolar aqueous solutions of zinc nitrate and
hexamethylenetetramine (HMTA) at concentrations of either 0.025 M or 0.0125 M.32,34,58,59 Each
precursor solution was degassed by helium sparging for 30 minutes prior to being pumped into the
microreactor. To further reduce outgassing of the precursor solutions and bubble formation on the
substrate surface, a 20 psi inline back-pressure regulator (Upchurch) was placed in the outlet flow
stream. The reaction channel was filled with an initial charge of precursor solution before heating
began. Total flow rates of 0.72 and 2.88 mL/hr were used, which correspond to residence times of 1 h
and 15 min, respectively. Both of these flow rates ensure laminar flow in the reactor, with Reynolds
numbers several orders of magnitude less than one. Faster flow rates result in uneven temperature
down the length of the reaction channel because the precursor solutions are not heated until they
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enter the reactor. The precursors could not be pre-heated since this would result in precipitation
in the mixing chamber and inlet tubing. A 2D finite element model (COMSOL) of the heat and
momentum transport in the reactor shows less than 0.5 ◦C difference in temperature along the
substrate surface with a 2.88 mL/h flow rate. Combined measurements and simulations indicate
a 10 ◦C temperature drop across the 1 mm channel depth. We report the temperature measured
at the heater-substrate interface as the reaction temperature, and the temperature drop across the
substrate is less than 1 ◦C.
Si wafers and soda lime glass were used as substrates. All substrates were cleaned by sonicating
at 60 ◦C for 10 min in Contrad 70 detergent followed by sonicating for 10 min in DI water. Substrates
were seeded with a thin ZnO film by dip coating in ethanol solution containing 0.375 M zinc acetate
and 0.375 M monoethanolamine with a withdrawal rate of 56 mm/min.56,57 Substrates were then
annealed on a hotplate at 450 ◦C for 20 min. The resulting ZnO seed films were polycrystalline with
thickness of ∼40 nm and grain size of ∼20 nm.
Nanowires were imaged using scanning electron microscopy (SEM, Zeiss Supra 50VP). Crystal
orientation and strain were determined using X-ray diffraction (XRD, Siemens D500) with Cu Kα
radiation. Room temperature photoluminescence (PL) was excited using a 325 nm HeCd laser and
measured using a Renishaw RM2000 spectrometer. All XRD patterns and PL data were acquired
from deposition on <100> oriented Si wafers.
3.3 Results & Discussion
3.3.1 Effect of Flow Rate on Nanowire Lengths
CBD in the CFµR operates according to a plug flow model in which the bath composition varies
spatially along the channel length, but the composition profile is independent of time. This behavior
is in contrast to CBD in a well-mixed batch reactor in which the bath composition is uniform in
space but is continuously changing over time. Figure. 3.2(a) illustrates the plug flow model for
the CFµR. The dotted line represents the concentration of Zn 2+, denoted [Zn 2+], and the solid
parabolic line represents the fully developed laminar velocity profile. Zn 2+ is proposed as the rate
limiting species for ZnO growth according to our findings in previous batch microreactor studies.66
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Figure 3.2: (a) Plug flow reactor model showing bath concentration as a function of position
(dashed line), laminar flow profile (solid line), and temperature profile (color gradation) in the
continuous flow microreactor. Nanowire lengths are exaggerated with respect to the channel
width. (b) ZnO deposition on soda lime glass at 0.72 mL/h flow rate showing the interference
pattern from spatial variation in ZnO nanowire length.
Both surface deposition and bulk precipitation deplete the reactants down the channel. The growth
rate of ZnO nanowires decrease as [Zn 2+] decreases, resulting in shorter nanowires at distances
further down the reaction channel. The interference pattern in Figure. 3.2(b) shows the monotonic
change in nanowire length as a function of substrate position. The nanowires are longest at the inlet
(opaque spot at center-left) where the maximum growth rate on the substrate occurs. Nanowire
lengths decrease rapidly away from the inlet, as indicated by the multiple tightly spaced concentric
interference fringes which surround it. Further downstream the interference fringes spread out,
indicating more uniform, slower growth rates as [Zn 2+] approaches the saturation limit and the
driving force for deposition and further depletion of Zn 2+ species is reduced.
Micrographs of the nanowires were taken at a series of positions in the reaction channel for two
different flow rates to investigate the spatial dependence of the ZnO deposition more closely. Figure.
3.3 shows cross-sectional SEM images of the nanowires after 4 h of growth at flow rates of 0.72 mL/h
(top row) and 2.88 mL/h (bottom row) with an inlet concentration of 0.025 M zinc nitrate and
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Figure 3.3: Cross-sectional SEM images of ZnO nanowires grown at flow rates of 0.72 mL/h
(top row) and 2.88 mL/h (bottom row) with equimolar inlet concentration of 0.025 M zinc
nitrate and HMTA. Images were taken at positions (a,e) 0 mm, (b,f) 6 mm, (c,g) 12 mm and
(d,h) 18 mm downstream from the inlet. Scale bar applies to all panels.
0.025 M HMTA. The micrographs were taken at positions 0, 6, 12 and 18 mm (left to right) down-
stream from the inlet. For both flow rates, nanowire lengths were highest at the inlet and gradually
decreased further downstream as [Zn 2+] is depleted. With a flow rate of 0.72 mL/h, nanowires
had a maximum length of ∼1.8 µm at the inlet (Figure. 3.3a), decreasing to ∼470 nm at 18 mm
downstream (Figure. 3.3d). With 2.88 mL/h flow rate, nanowires were ∼3 µm long at the inlet
(Figure. 3.3e) and decreased to ∼1.1 µm at 18 mm (Figure. 3.3h) downstream. To further illustrate
this point, Figure. 3.4 shows nanowire length versus substrate position at 2 mm increments for
both 0.72 and 2.88 mL/h flow rates. The length of nanowires grown using a batch microreactor
with 4 h growth time and initial precursor concentrations of 0.025 M is included on the graph for
comparison.66 The error bars in Figure. 3.4 indicate the standard error of the measured length at
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Figure 3.4: Length of nanowires versus substrate position for 0.72 mL/h and 2.88 mL/h flow
rates with inlet concentrations of 0.025 M zinc nitrate and HMTA. The dotted line represents
the length of nanowires after 4 h of growth in a batch microreactor filled with 0.025 M zinc
nitrate and HMTA. The inset shows the same data normalized to the nanowire length at the
inlet. The length of nanowires grown at the 0.72 mL/h flow decrease more rapidly than the
2.88 mL/h sample due to a larger concentration gradient in the channel.
each position for three different samples. Both flow rates follow the same trend: nanowire length
decreases rapidly over the first 10 mm, decrease more gradually from 10 - 20 mm downstream, and
decrease slower yet at distances greater than 20 mm from the inlet. At positions greater than 18 mm
from the inlet, the nanowires grown at 0.72 mL/h flow rates were shorter than those grown in the
batch microreactor using the same initial concentrations. Shorter nanowires result because the bath
is depleted of precursors by surface and bulk reactions which occur further upstream. Additionally,
while the nanowires 30 mm from the inlet are 400 nm long after 4 hours, the steady-state growth
rate is significantly less than 100 nm/h since much of the growth occurred during the start-up phase
when the whole channel was initially loaded with precursors at the inlet concentration. It takes ∼40
minutes for the initial plug of reactants to pass the 30 mm position, and batch microreactor studies
indicate that nanowires can grow to ∼300 nm in that time.66
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Nanowire lengths at the inlet are 60% longer with the 2.88 mL/h flow rate than with 0.72 mL/h,
indicating that the ZnO growth in the [0001] direction is mass transport limited since precursor
concentrations are independent of flow rate at the inlet. The increased flow rate decreases the mass
transfer boundary layer thickness, thereby increasing the flux of reactants to the surface. However,
a finite diffusion boundary layer still exists, so the growth rates are not directly proportional to
the convective flux. This conclusion agrees with work by Boercker et al. who showed that stirring
decreases boundary layer thickness and increases growth rate in conventional batch CBD reactors.67
Conversely, if ZnO deposition in the [0001] direction were kinetically limited by a surface reaction,
flow rate would not affect the length of the wires at the inlet, since the concentration at the ZnO
surface would be unaffected. Incrased flow rates did not affect the diameter of the wires, indicating
that ZnO deposition in the <101¯0> directions is kinetically limited. Growth in which all crystal
faces are limited by mass transport will not produce well-faceted habits such as those created by
the 101¯0 family of faces.68 Bulk reactions, i.e. nucleation and growth of precipitates, affect the
concentration profile throughout the reactor and complicate the delineation between deposition
limited by mass transfer or by surface kinetics. However, the combination of a thin reaction channel
and the impinging flow geometry at the inlet ensures that reactants reach the substrate above the
inlet within several seconds with either flow rate. Therefore we do not believe the bulk reaction
results in a surface concentration at the inlet that is appreciably different between these two flow
rates, and we are confident that ZnO deposition in the [0001] direction is mass transfer limited for
the zinc nitrate/HMTA chemistry.
Nanowires grew longer with the faster flow rate over the entire length of the channel. Additionally,
flow rate affects the spatial variation in length of the nanowires along the reaction channel. The inset
in Figure. 3.4 shows position-dependent nanowire length normalized to the length at the inlet for each
flow rate. These normalized data show that faster flow rates result in more uniform nanowire length
along the channel, which occurs because higher concentrations are maintained further downstream.
Assuming very fast surface reactions, the concentration profile is determined by the relative length
scales of lateral diffusion and axial convection, which are indicated by the Graetz number (Gz).69
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Gz is defined as zh−1Pe−1, where z is the length of the microreactor channel, h is the channel
thickness and Pe is the Peclet number. Pe = UhD−1, where U is the fluid velocity and D is the
diffusion coefficient of Zn 2+ in water. When Gz = 1 the time for species to diffuse across the channel
thickness is approximately equal to the time for species to be convected down the entire channel.
For Gz < 1 the diffusion time is longer than the convection time, resulting in some of the species in
the channel not reaching the substrate before exiting the channel. For Gz > 1 most reacting species
have ample time to diffuse to the substrate prior to exiting the channel. Using a diffusion coefficient
of 6.8 x 10−6 cm2/s for Zn 2+ ions in water at 25 ◦C,70 Gz = 2.4 and 0.6 for the 0.72 mL/h and
2.88 mL/h flow rates, respectively. Gz < 1 for the 2.88 mL/h flow rate, resulting in a fraction of
the precursors being unable to reach the ZnO surface prior to exiting the channel. Since precursors
continue to diffuse to the substrate along the entire channel length, the higher flow rate resulted in
more uniform ZnO nanowire lengths down the channel. Conversely, Gz > 1 for the 0.72 mL/h flow
rate and nearly all Zn 2+ can reach the substrate surface and undergo fast surface reaction prior to
being convected out of the channel. Slower flow results in larger concentration gradients along the
channel and causes more graded nanowire deposition. This analysis uses the diffusion coefficient
at 25 ◦C because the diffusion coefficient at 90 ◦C is not known. However, adjusting D would not
affect the relative values of Gz for the two flow rates, which would still differ by a factor of four, or
the conclusion that faster flow will result in more uniform deposition.
3.3.2 Morphology and Growth Mechanisms
Inlet concentration, in addition to flow rate, impacts nanowire length and morphology. Figure.
3.5 shows top views of the nanowires with equimolar zinc nitrate and HMTA inlet concentrations of
0.0125 M (top row) and 0.025 M (bottom row) at positions 0, 6 and 10 mm (left to right) downstream
from the inlet. For both inlet concentrations, the flow rate was 2.88 mL/h and reaction time was 4 h.
Both sets of nanowires are hexagonal in cross-section, vertically aligned, and 80-120 nm in diameter
at all positions. Nanowires grown with 0.0125 M inlet concentration were ∼60% shorter in length
than those grown with 0.025 M at equivalent positions on the substrate. The nanowires grown with
0.0125 M inlet concentration are flat-topped, hexagonal prisms along the entire substrate. This
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Figure 3.5: Top view SEM images of nanowires grown with inlet concentration of 0.0125 M
top row) and 0.025 M (bottom row) zinc nitrate and HMTA with flow rates of 2.88 mL/h.
Images were taken at (a,d) 0 mm, (b,e) 6 mm and (c,f) 10 mm downstream from the inlet.
Scale bar applies to all panels.
growth habit is commonly observed for ZnO nanowires grown via batch CBD. Conversely, with
0.025 M concentration, the tips of the nanowires at the inlet are highly tapered and form pyramid-
like structures. More of the (0001) face is apparent at a position 6 mm from the inlet, and the
morphology completes the transition from pyramid-like tops to hexagonal prisms around 10 mm
from the inlet. This transition can also be observed in the cross-sectional images of Figure. 3.3 for
the 2.88 mL/h flow rate.
The growth habit of crystals is determined by both the internal structure of the crystal and
the growth conditions, and the slowest growing faces are the most prominent.71 A representative
growth habit for ZnO is shown schematically in Figure. 3.6(a). This schematic is compared to
high magnification SEM images of nanowires with pyramid-like tops grown at the inlet at 0.025 M
concentration, Figure. 3.6(b), and to nanowires with hexagonal prism structure grown at 0.0125 M
concentration, Figure. 3.6(c). The change in growth habit from pyramid-like structures to hexagonal
prisms is caused by a shift in the relative growth velocities of the ZnO crystal faces. At conditions
which give very fast growth rates, such as with both high concentration and high flow rate, the
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Figure 3.6: (a) Idealized ZnO growth habit. (b) Pyramid-like nanowire tips observed at fast
growth conditions due to enhanced growth in the [0001] direction, (c) hexagonal prism nanowire
tips observed at slow growth conditions (bottom).
growth velocity of the (0001) face increases relative to that of the {101¯1} faces, allowing the {101¯1}
faces to be observed. At slower growth rates, the growth velocity of the (0001) face is less than that
of {101¯1}; the faster growing 101 1 faces are no longer observed, and the nanowires are hexagonal
prisms with flat tops. Slower growth rates can result from lower concentrations, either because of
lower inlet concentration (Figure. 3.5(a)) or because reactants have been depleted while flowing
down the channel (Figure. 3.5(f)). Additionally, growth rate depends on flow rate because increased
flow rate reduces the mass transfer boundary layer thickness, thereby increasing the flux to the ZnO
surface. At equal inlet concentrations of 0.025 M, faster growing nanowires grown with 2.88 mL/h
flow rate (Figure. 3.3(e)) have pyramid-like tops, while slower growing wires with 0.72 mL/h flow rate
(Figure. 3.3(a)) are hexagonal prisms. The hexagonal prism morphology is nearly always observed
for ZnO nanowires grown via CBD in a batch reactor because CBD growth rates are typically very
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slow due to mass transfer limitations. However, by increasing the flux through a combination of
high concentration and high flow rate, we are also able to observe the pyramidal growth habit with
the CFµR.
Up to this point, we have reported crystal growth that proceeds via layer-by-layer growth from
two-dimensional (2D) nuclei. Solution growth from 2D nuclei typically occurs under highly super-
saturated conditions,7,61,72 as is the case near the inlet of the microreactor. However, new growth
layers can also emanate from dislocations, especially in cases of low supersaturation.7,72,73
Figure 3.7: SEM image taken at 30 angle of nanowires 30 mm from the inlet grown using
0.72 mL/h flow rate and inlet concentrations of 0.025 M. Taller nanowires exhibit growth cones
which are proposed to arise from growth from screw dislocations. (inset) Top view of nanowire
growth cone showing spiral growth pattern.
Reactants are depleted in the CFµR as the solution flows down the channel, resulting in low super-
saturations further downstream, particularly in the case of low flow rates. Nanowires grown 30 mm
from the inlet with 0.72 mL/h flow rate, where conditions are very close to the saturation curve,
are shown in Figure. 3.7. Several of these nanowires are taller than the others and have growth
spirals on their top surfaces. The inset of Figure. 3.7 shows a high magnification image of a spiral
growth cone on one of the nanowires. These growth cones indicate a growth mechanism driven
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by screw dislocations. The nanowires with the growth cones and the presumed screw dislocations
are longer than those with flat tops because growth from screw dislocations can proceed at lower
supersaturation conditions than can growth from 2D nuclei.74 The fraction of nanowires with these
growth cones increases with distance down the reaction channel because 2D nucleation slows under
lower supersaturation conditions and allows slower growth from screw dislocations to become more
apparent.
The changes in nanowire length and morphology as a function of position on the substrate
highlight one of the major advantages that the CFµR provides over conventional batch CBD reactors.
The spatially graded composition of the CFµR bath results in deposited material with spatially
varying morphology and growth mechanisms, as well as structural and optical properties, which
we report next. Spatially-resolved characterization of the substrate allows rapid determination of
the effect that different process conditions have on deposited material morphology and properties,
leading to rapid process development and optimization.
3.3.3 Structural and Optical Properties
XRD and PL studies of ZnO nanowires grown in the CFµR indicate that they are of high structural
and optical quality. Normalized XRD 2Θ scans of nanowires grown in the microreactor with each
flow rate, and of the ZnO seed film, are shown in Figure. 3.8. Lines corresponding to peak heights
of a wurtzite ZnO powder are shown for reference. The 2Θ scans of the nanowires were acquired 20
mm down the reaction channel, which is approximately halfway between the inlet and outlet ports.
For every sample, XRD of the nanowires shows a single major peak that corresponds to the (0002)
plane of wurtzite ZnO. Other peaks such as (101¯0) and (101¯1) that are larger than the (0002) peak in
the powder diffraction pattern are not observed in the nanowire diffraction pattern, indicating that
the ZnO c-axis is well-aligned perpendicular to the substrate. This high degree of alignment is due
to nucleation and growth from the well-aligned ZnO seed layer. Crystalline wurtzite ZnO nanowires
were grown using both flow rates; however, slower flow rates consistently resulted in positive 2Θ
shifts of the (0002) peak, as shown in the inset of Figure. 3.8. The (0002) peak for nanowires grown
at 0.72 mL/h flow rate is at 34.49◦, while that of the nanowires grown at 2.88 mL/h was at 34.46◦.
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Figure 3.8: X-ray diffraction 2Θ scans of the ZnO seed film and of nanowires grown in the
continuous flow microreactor for 4 h at both flow rates. Vertical bars show intensities for
a wurtzite ZnO reference powder. The presence of only the (0002) peak indicates vertical
alignment of ZnO c-axis. The inset highlights the observed (0002) peak shift.
These 2Θ measurements correspond to (0002) d-spacings of 2.598 A˚ and 2.600 A˚, respectively; bulk
unstrained ZnO has a (0002) d-spacing of 2.6033 A˚ (PDF #00-036-1451). Nanowires grown at slower
flow rates exhibited a consistent decrease in their (0002) d-spacing as compared to nanowires grown
at faster flow rates. 2Θ scans were also performed at the inlet and outlet region of the reactors
for both flow rates (not shown). With 2.88 mL/h flow rate, the (0002) d-spacing was independent
of position on the substrate. However, the (0002) d-spacing of nanowires grown at 0.72 mL/h
progressively decreased at positions further from the inlet. The decrease in the (0002) d-spacing
observed in samples grown at slower flow rates is due to uniform compressive strain along the c-axis
of the nanowires. This strain may result from growth at low supersaturation conditions. Although
nanowires are shorter far from the inlet, the 2Θ shift is not an artifact related to sampling larger
quantities of material closer to a strained interface with the seed layer. The ZnO seed layer has
(0002) diffraction peak at 34.43◦, which implies that it is free of uniform strain along its c-axis.
Broadening of the seed layer’s (0002) diffraction peak is attributed to the small grain size (∼20 nm)
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of the film,11 and possibly also to non-uniform microstrain.75
High optical quality of the nanowires is indicated by photoluminescence measurements, Figure.
3.9, which show strong band edge emission around 3.28 eV. The broad yellow defect emission, as is
commonly seen in ZnO grown from aqueous solutions of zinc nitrate and HMTA,58,76 is attributed
to oxygen-related defects and hydroxyl groups.76–78 PL emission was collected at 10 mm intervals
along the substrate, with a spot size of 1 µm, to determine how the graded reaction conditions
in the channel affect the nanowire optical properties. Si wafers were used as substrates for all PL
measurements to avoid spurious emission from glass. Figure. 3.9(a) shows the room temperature
PL spectra of the seed film and of nanowires near the inlet and outlet points of a sample grown at
0.72 mL/h flow rate with inlet concentrations of 0.025 M. PL at the inlet shows a sharp band edge
emission at 3.28 eV which corresponds to the band gap of bulk ZnO,79 with a full width at half
maximum (FWHM) of 107 meV. PL emission collected 30 mm downstream from the inlet is ∼10
times lower in intensity than that from the inlet due to shorter nanowire lengths. Additionally, the
band edge emission of these nanowires is blue-shifted to ∼3.34 eV, with a broadened FWHM of 185
meV. Blue-shifted emission from the seed layer is also observed, although the intensity of the seed
layer emission is much lower than the nanowire emission because of the smaller material volume.
The blue-shift in the band edge emission observed in the nanowires grown toward the outlet
of the microreactor is attributed to the uniform compressive strain along their c-axis, which was
observed in XRD scans of samples grown at 0.72 mL/h flow rates (see Figure. 3.8). Compression
of the lattice widens the band gap due to increased repulsion between the oxygen 2p and the zinc
4s bands.80 The band edge emission of the seed layer is also blue-shifted, but XRD did not show
uniform compressive strain along the c-axis. Instead we believe that the seed layer’s blue-shifted
band edge is due to microstrain, which is indicated by the broadening of the (0002) peak in the XRD
scan (Figure. 3.8).75,81,82 The blue-shifts cannot be caused by quantum confinement in either the
nanowires or the seed layer because the grain size (∼100 nm for nanowires and ∼20 nm for seed film)
is much larger than the Bohr radius for ZnO.83 It may seem plausible that the blue-shift detected
in the shorter nanowires grown near the outlet of the channel results from a larger fraction of the
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Figure 3.9: (a) Photoluminescence of nanowires grown at 0.72 mL/h with an inlet concen-
tration of 0.025 M at different positions on the substrate. PL spectrum from the seed layer is
included for intensity comparison. (b) UV region of normalized PL spectra of as-grown and
annealed nanowires. Data sets are vertically offset for clarity. The band edge emission of the
as-grown wires blue-shifts and broadens at positions further from the inlet. Annealing relaxes
strain and emission is consistent with bulk ZnO at all positions on the substrate. (c) Band edge
peak position versus substrate position for as-grown nanowires at 0.72 and 2.88 mL/h flow rates
and for annealed nanowires at 0.72 mL/h flow rate. Lines are a guide for the eye.
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excitation being absorbed by the blue-shifted seed layer or by a larger fraction of nanowire material
that is near the strained interface, rather than a uniform increase in compressive strain in the
nanowires themselves. However, PL intensity from the nanowires is at least 4 times larger than that
of the seed layer, so the shift cannot be due to penetration depth of the excitation. Additionally,
XRD indicates different types of strain in the nanowires than in the seed layer, so the microstrain
in the seed layer is not propagated into the nanowires.
Annealing the nanowires alleviates the uniform compressive strain along the c-axis and causes
the band gap to recover to its unstrained value. Figure. 3.9(b) shows the UV region of normalized
PL spectra at four positions along the reaction channel of as-grown nanowires and nanowires that
were annealed at 350 ◦C for 20 min in air. Annealing relaxes the uniform strain along the c-axis
and returns the peak position to its bulk ZnO value at all positions on the substrate. XRD confirms
this lattice relaxation upon annealing. The (0002) d-spacing of annealed nanowires grown at 0.72
mL/h flow rate approached their unstrained value for all positions on the substrate. This annealing
did not relax the microstrain in the seed layer, which had already been annealed at 450 ◦C before
nanowire growth, and XRD and PL spectra of the seed layer were unaffected.
The spatial variation in PL emission along the length of the substrate is a function of growth
conditions as well as annealing treatment. Figure. 3.9(c) shows PL peak position versus position
on the substrate for as-grown and annealed nanowires with 0.72 mL/h flow rates in addition to
as-grown nanowires with 2.88 mL/h flow rates. The error bars in Figure. 3.9(c) reflect the standard
error of the measured PL peak position in three samples collected at each of the observed positions.
As discussed above, strain in nanowires grown at low flow rates, particularly near the reactor outlet,
causes a blue-shift in PL peak position. Annealing relaxes this strain and causes PL peak position
to revert to the bulk ZnO value of 3.28 eV. For the 2.88 mL/h flow rate the PL peak position of
the nanowires was near the bulk ZnO value even without annealing, independent of position on
the substrate. This PL data is consistent with XRD data which showed significantly less strain in
nanowires grown at high flow rates.
Differences in spatial variation of PL for different flow rates can be understood analogously to
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differences in growth rates. At high flow rates, Gz is small and growth conditions will be reasonably
similar along the entire length of the CFµR, resulting in uniform material deposition across the
substrate. Conversely at low flow rates, Gz is large and growth conditions are less uniform along
the reaction channel. The large spatial variation in growth conditions at slow flow rates results in
deposited material whose properties change significantly as a function of substrate position, which
is observed in this case as a blue-shift in the nanowire band gap. We speculate that the strain that
causes the blue-shift in the PL peak results from a transition in the growth mechanism from 2D
nuclei to screw dislocations at positions further from the inlet. Screw dislocations can cause local
strain fields,72,84 which could widen the band gap. Alternatively, changes in [Zn 2+] and pH along
the reaction channel could also cause different amounts of lattice strain, even with the same growth
mechanism. The observed changes in growth mechanisms and material properties as a function
of position highlight the CFµR’s utility for fabricating combinatorial libraries of materials using
different reaction conditions on the same substrate. Rapid spatial characterization can then be
used to explore the effects that different process conditions have on crystal growth and material
properties.
3.4 Conclusions
I have demonstrated the use of a continuous flow microreactor to grow high quality ZnO nanowires
by chemical bath deposition. The plug flow through the microreactor exposes the substrate to bath
composition that varies along the length of the reaction channel but that does not change over time.
Deposition at high flow rates results in more uniform material, while deposition at low flow rates
results in wider variation in material properties along the substrate, essentially creating a combina-
torial library. Fabrication of these combinatorial libraries by the continuous flow microreactor pro-
vides unprecedented capability to correlate growth conditions with material properties using rapid,
spatially-resolved characterization. It is not possible to derive this level of detailed understanding
using batch reactors, where bath composition changes with time.
I have used the CFµR to observe changes in the morphology and structural and optical properties
of ZnO nanowires as a function of position on a single substrate. As precursors are depleted along
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the channel length, nanowire growth rate decreases and the growth mechanism transitions from 2D
nuclei to spiral growth. Deposition at slow flow rates produced nanowire arrays which exhibit a blue-
shifted band gap toward the channel outlet. The blue-shift in the band gap is caused by increased
compressive strain along the c-axis, which is attributed to the decrease in supersaturation further
down the reaction channel. The CFµR has been described in this chapter using the example of ZnO
nanowire deposition, and nanowire arrays of these dimensions are frequently used in nanostructured
solar cells, light emitters, and sensors. However, this reactor design is also applicable for other
oxide and chalcogenide materials that can be deposited by CBD. While alkaline chemistries would
etch the aluminum CFµR described here, a Teflon coating or PMMA base would be stable in
such environments and enable investigation of CBD under a wide range of processing conditions.
Fabrication and rapid screening of combinatorial libraries will enable rapid process characterization
and optimization, while also providing detailed understanding of the relationship between processing
conditions and material properties.
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Chapter 4: In Situ XANES Spectroscopy of ZnO Nanowire Growth
During Chemical Bath Deposition
4.1 Introduction
In this chapter I report the first use of in situ x-ray absorption near-edge structure (XANES) spec-
troscopy to probe the deposition of nanostructures by chemical bath deposition (CBD), and we show
that it enables investigation of growth mechanisms and kinetics with unprecedented detail. Specifi-
cally, in situ XANES spectroscopy was used to probe the coordination environment of Zn(II) in real
time during the CBD of ZnO nanowires from zinc nitrate and hexamethylenetetramine (HMTA)
precursors. XANES spectroscopy is an element-specific probe that is highly sensitive to the local
structure around the absorbing atom due to single and multiple scattering of the ejected photo-
electron.85,86 The high degree of structural sensitivity provided by XANES allows the coordination
environment of metal ions to be determined quantitatively upon comparison to spectra of known
standards. XANES spectroscopy does not require the sample to exhibit long range order and can
therefore be used to characterize liquid, amorphous and crystalline materials.85,87 Furthermore,
XANES is sensitive to very low concentrations of absorber atoms due to the high photon flux of
synchrotron radiation.5 Metal ion concentrations as low as 1 ppm (∼0.01 mM for Zn(II) ions) are
readily detectable at the beamline used for this work. The combination of high sensitivity to the
coordination environment of the absorber atom and ability to probe dilute metal ions in solution
make XANES spectroscopy an ideal tool to study CBD of inorganic nanomaterials.
The objective of this work was to determine the time-dependent chemical speciation of Zn(II)
during CBD of ZnO nanowires from HMTA and zinc nitrate precursors. Quantifying the speciation of
metal ions in aqueous solutions is essential because their speciation strongly affects their reactivity.88
The growth of ZnO nanowires from HMTA and zinc salt precursors was first observed almost twenty
years ago.89 However, even after numerous studies, the role of HMTA in the reaction and the
mechanism of ZnO crystallization remain unclear.32,34,35,45,58,62,66,67 We have used in situ XANES
46
spectroscopy to identify the growth mechanism as direct crystallization and to measure kinetics by
quantifying the chemical speciation of Zn(II) during ZnO nanowire growth.
The knowledge of the ZnO nanowire growth chemistry gained from XANES will enable re-
searchers to tailor the morphology and properties of ZnO nanostructures for a wide range of ap-
plications. ZnO is a wide band gap semiconductor (Eg = 3.37 eV) with a large exciton binding
energy (60 meV) that has diverse applications in UV lasers,46,47 sensors,48 transparent conducting
oxides,49,50 and nanostructured photovoltaics.7,51–55 Recently ZnO nanowire arrays deposited by
CBD from zinc nitrate and HMTA precursors have been used for dye sensitized solar cells7,53,90 and
light emitting diodes.91
4.2 Experimental Section
In situ XANES spectra at the Zn K-edge were collected during the aqueous solution growth of
ZnO nanowires over a 2 h period. Principal component analysis (PCA) of the time-dependent
spectra was used to determine the number of species present during the reaction. The identities
of the species were determined by target testing a library of standard XANES spectra against the
principal components. The library of standard XANES spectra, described in more detail below, was
collected experimentally and consisted of Zn(II) species that have been suggested to be involved in
the aqueous solution growth of ZnO nanowires. Finally, the kinetics of the ZnO nanowire growth
reaction were calculated by least-squares fitting linear combinations of the appropriate standard
XANES spectra to the time-dependent experimental XANES spectra.
4.2.1 Reactor for In situ XANES Spectroscopy
The home-built microreactor used for in situ XANES spectroscopy of ZnO nanowire growth is shown
schematically in Figure 4.1. The reaction channel is a polyimide tube (RiverTech Medical) measuring
0.91 mm ID x 100 mm long, with a wall thickness of 0.05 mm and a total volume of 65 µL. The
inside wall of the polyimide tube was pre-coated with a sol-gel derived CdO seed layer to enhance
the nucleation density of the ZnO deposition. CdO was used instead of ZnO to avoid any Zn x-ray
fluorescence (and therefore contamination of the XANES) from the seed layer. To deposit the CdO
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Figure 4.1: Schematic of microreactor for in situ XANES studies. Heated aluminum plates are
pressed into contact with the sides of the polyimide tube to control the reactor temperature.
A beam of monochromatic x-rays of intensity Io is incident upon the polyimide tube. The
transmitted beam has intensity It. X-ray fluorescence, If , is collected and analyzed.
seed layer, the polyimide tube was oriented vertically and filled by a syringe pump with an ethanol
solution containing 0.375 M cadmium acetate and 0.375 M monoethanolamine.92 The syringe pump
was then withdrawn, leaving a thin layer of the ethanol sol on the inside wall of the tube. Nitrogen
was blown through the tube at 5 psi for 1 min to enhance gelation of the ethanol sol layer.5 The
polyimide tube was then annealed in a tube furnace at 400 ◦C for 20 min.92 The resulting CdO seed
films were polycrystalline with a thickness of ∼40 nm and a grain size of ∼5-10 nm.
Temperature was maintained to +/- 0.1 ◦C in the reaction channel by two heated aluminum
plates that were pressed against the outside wall of the polyimide tube. The edges of the aluminum
plates in contact with the outside wall of the polyimide tube were tapered to a thickness of 0.25
mm, allowing the microreactor to operate at elevated temperatures without interfering with incident
(Io), fluorescent (If ), or transmitted (It) x-rays (Figure 4.1). Thermocouples were attached to the
tapered edge of the heated aluminum plates and provided feedback to the temperature controller.
Set point temperature was reached approximately 12 minutes after the heaters were activated.
4.2.2 ZnO Nanowire Growth Conditions
ZnO nanowires were deposited on the CdO seed layer at 60 and 90 ◦C from equimolar aqueous
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solutions of zinc nitrate and hexamethylenetetramine (HMTA) at concentrations of 4.17, 6.25 and
12.5 mM. At high concentrations, ZnO can precipitate in solution in addition to depositing on the
CdO seed layer. However, the reaction mechanisms and dominant Zn(II) species identified using
XANES will not depend on the nature of the seed layer. The precursor solution was injected into the
reaction channel via a syringe. Both ends of the channel were then sealed with polyether ether ketone
(PEEK) plugs (Upchurch) to prevent evaporation. Upon completion of each XANES experiment,
the polyimide tube was removed from the heating elements, flushed with DI water, and blown dry
with nitrogen. Ex situ characterization of the deposited material was performed by splitting the
polyimide tube longitudinally with a razor blade. These half-tubes were then laid flat onto double
sided carbon tape for imaging using scanning electron microscopy (SEM).
4.2.3 Zn(II) XANES Standards
To quantify the speciation of Zn(II), seven species suggested to be involved in ZnO crystallization
under different reaction conditions were prepared and used for target testing. These species were ZnO
nanopowder (Sigma), -Zn(OH)2 (PDF#00-038-0385), δ-Zn(OH)2 (PDF#00-020-1436), γ-Zn(OH)2
(PDF#00-020-1437), 12.5 mM [Zn(H2O)6]
2+, 12.5 mM [Zn(NH3)4]
2+, and 12.5 mM [Zn(OH)4]
2 – .
XANES spectra from solid phase standards were recorded at 25 ◦C, and spectra from aqueous
standards were recorded at 60 and 90 ◦C.  and δ phases of Zn(OH)2 were synthesized using methods
outlined by Ping et al.93 and Shaporev et al.94, respectively. Details of the synthesis for all the
Zn(OH)2 phases and x-ray diffraction of the powders are provided in Appendix A. Zinc nitrate
hexahydrate (Sigma) was used as the Zn(II) source for the Zn(OH)2 phases as well as the Zn(II)
aqueous complexes.
The selection of pH and ammonium concentration necessary to isolate the [Zn(NH3)4]
2+ and
[Zn(OH)4]
2 – complexes was guided by the use of Zn(II) speciation diagrams.40–42 The [Zn(NH3)4]
2+
complex was synthesized using 12.5 mM Zn(NO3)2 and 0.375 M NH4NO3. The pH was adjusted
with the addition of 0.3 M NaOH to 8.9 and 8.2 at 60 and 90 ◦C, respectively. The [Zn(OH)4]
2 –
complex was prepared using 12.5 mM Zn(NO3)2. The pH was adjusted by the addition of 0.45 M
NaOH to 12 and 11.5 at 60 and 90 ◦C, respectively. The pH of the 12.5 mM [Zn(H2O)6]
2+ solution
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was 5.1 and 4.7 at 60 and 90 ◦C, respectively. The pH of the solution was not adjusted since the
pKa for [Zn(H2O)6]
2+ at 25 ◦C is 8.96.95,96 All pH measurements were acquired with an Orion 4-
star pH meter with a ROSS Ultra electrode. The pH meter was calibrated at the measured solution
temperature with fresh buffer solutions at pH 4, 7 and 10. All solution phase standards were injected
into bare polyimide tubes, except the [Zn(OH)4]
2 – complex, where a PTFE-lined polyimide tube
(MicroLumen) was used to avoid dissolution of the polyimide by the alkaline solution.
4.2.4 Beamline Conditions for XANES
Zn K-edge XANES experiments were performed at the Insertion Device (ID) beamline of the Mate-
rials Research Collaborative Access Team (MRCAT) line at the Advanced Photon Source, Argonne
National Laboratory. The first harmonic of the undulator was used, and the undulator was tapered
to reduce the variation in the intensity of the incident x-ray beam to about 30% over the energy
region scanned. Linearity tests of the microreactor setup with a 12.5 mM [Zn(H2O)6]
2+ solution
showed less than 0.1% nonlinearity for a 50% decrease in incident beam intensity, meaning that
for a 50% decrease in incident beam intensity, the fluorescence intensity also decreased by 50% to
within 0.1%. The incident beam area was defined as 0.5 mm by 0.5 mm. A cryogenically-cooled Si
(111) double crystal monochromator was used for energy selection. A Rh-coated mirror positioned
after the monochromator was used at grazing incidence to minimize higher harmonics produced by
the undulator and passed by the monochromator. The incident beam intensity was measured using
an ion chamber with a mixture of 80% He and 20% N2. The x-ray fluorescence intensity (If) was
measured using a 5-grid Lytle detector filled with Ar. For energy calibration, a Zn foil reference
spectrum was measured with each scan. The monochromator was scanned in 0.5 eV steps with an
integration time of 0.075 s. The resulting scan length of 93 s is considerably faster than the dynamics
we are measuring.
Radiation did not induce measurable changes in the ZnO over the time scale of the experiment.
A series of spectra of ZnO nanowires were acquired after the reaction channel was flushed with DI
water and blown dry with N2. Scans showed less than 0.4% change in the whiteline over 2 h, with
no trend in the variations over time. Details of the radiation damage tests can be found in Appendix
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A.
Note that the x-rays from the undulator are polarized in the horizontal direction. With the
particular sample geometry we were using, we are largely probing structure perpendicular to the
nanowire growth direction. For the results presented in this study, however, this should have a very
small effect.
4.2.5 XANES Data Analysis
Standard XANES data analysis procedures were followed. Normalization and linear combination fit-
ting of standard spectra to the time-dependent experimental spectra were performed using Athena.97
SixPACK98 was used for PCA and target testing of the normalized spectra.
4.2.6 Ex situ Characterization
Deposited ZnO was characterized ex situ by scanning electron microscopy (SEM, Zeiss Supra 50VP)
and transmission electron microscopy (TEM, JEOL JEM2100). The crystalline phase of all solid
XANES standards was verified by x-ray diffraction (XRD, Rigaku SmartLab) with Cu Kα radiation.
Each sample contained only the pure specified phase with no detectable secondary phases.
4.3 Results & Discussion
4.3.1 Synthesis and Ex situ Characterization of Deposited ZnO
ZnO nanowires grown at 90 ◦C are well-faceted with hexagonal cross-sections and diameters of 300
- 500 nm. In general, nanowires grown from a CdO seed layer are less densely packed and less
vertically oriented than those grown from a homoepitaxial (0002) ZnO seed layer.5,58,62,66 CdO is
insoluble in aqueous solutions and does not interfere in the growth reactions.
The micrographs in Figure 4.2 show ZnO nanowires deposited at 90 ◦C from 12.5 mM, 6.25 mM
and 4.17 mM concentrations after 2 h, as well as growth at 60 ◦C with 12.5 mM concentration.
Deposited material in Figure 4.2a-c has hexagonal structure indicative of wurtzite ZnO, which was
confirmed by transmission electron microscopy (TEM). At 60 ◦C, two distinct growth morphologies
were present: hemispherical honeycomb-like structures and poorly faceted nanowires. The majority
of nanowires appear to grow from the hemispherical honeycomb-like structures, rather than directly
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Figure 4.2: SEM images of ZnO after 2 hr of growth on the CdO-seeded polyimide tube
at various reaction conditions: (a) 12.5 mM Zn(NO3)2/HMTA at 90
◦C, (b) 6.25 mM
Zn(NO3)2/HMTA at 90
◦C, (c) 4.17 mM Zn(NO3)2/HMTA at 90
◦C and (d) 12.5 mM
Zn(NO3)2/HMTA at 60
◦C. Electron diffraction confirms that each of the structures is wurtzite
ZnO.
from the CdO seed layer as they do at 90 ◦C. TEM electron diffraction confirmed that the honeycomb-
like structures are crystalline ZnO. An electron diffraction pattern of the honeycomb structure is
provided in Appendix A.
ZnO can also precipitate through homogeneous nucleation and growth in solution. However,
diffusion lengths to the seeded reactor walls are very short due to the sub-millimeter tube diameters.
Therefore, most ZnO growth occurs from the CdO seed film because of the reduced energy barrier
for heterogeneous nucleation compared to homogeneous nucleation. Visual inspection showed small
amounts of precipitation, with less precipitation at lower concentrations and temperatures. The
mechanisms of ZnO growth elaborated upon later will not depend on the identity of the seed. In
Situ XANES Spectroscopy of Zn(II)
In situ spectroscopic monitoring of chemical speciation during crystallization from solution is a
great challenge. In CBD, very little characterization of the ions in solution, beyond pH, is typically
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performed. This is primarily due to the dilute nature of the solutions, which makes Raman and
infrared spectroscopy difficult,99 and the lack of long range order that is required by x-ray diffraction.
X-ray and electron diffraction can be used to characterize the deposited crystalline material, but
they give no information about the coordination environment of the metal ion in the liquid phase.
XANES spectroscopy is an ideal technique to study crystallization from solution because it is
an element-specific probe that is highly sensitive to the local structure around the absorbing atom.
This high degree of sensitivity to the coordination environment of the absorber atom is due to the
perturbation of the wavefunction of the ejected photoelectron by multiple scattering events from
the surrounding atoms.86 The structural sensitivity of XANES spectroscopy allows the chemical
speciation of metal ions to be determined, assuming that the proper standards can be obtained or
synthesized. XANES works equally well for non-crystalline and crystalline materials and is sensitive
to low concentrations of absorber atoms.100 Furthermore, short XANES scan times enable time-
resolved studies of dynamics on scales of minutes to hours.101,102
Time-dependent Zn K-edge XANES spectra of ZnO nanowire growth from equimolar 12.5 mM
Zinc Nitrate/HMTA precursors at 90 ◦C and 60 ◦C are shown in Figure 4.3.
Time begins when the heater is turned on. The reactor reaches the set point temperature in ∼12
minutes. XANES spectra acquired at 90 ◦C change rapidly during the initial ∼30 minutes due to the
nucleation of ZnO, then change gradually for the remaining reaction time during the ZnO growth
phase. The transition from disordered, non-crystalline material to ordered, crystalline material is
marked by an increasingly sharp energy-dependent structure in the normalized absorption coefficient
with increasing reaction time. Time-dependent XANES spectra of ZnO nanowire growth from 6.25
and 4.17 mM Zinc Nitrate/HMTA at 90 ◦C (not shown) appeared very similar to growth from the
12.5 mM Zinc Nitrate/HMTA bath. Changes in the XANES spectra are smaller in magnitude when
the microreactor is operated at 60 ◦C than at 90 ◦C, but they follow a qualitatively similar pattern.
The smaller changes in the XANES spectra acquired at lower temperature over the same time
period are due to slower formation of ZnO. The rate-limiting step in ZnO formation is the thermal
decomposition of HMTA to hydroxide ions, which has slower kinetics at lower temperatures.14
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Figure 4.3: In situ, time-resolved Zn K-edge XANES spectra of ZnO nanowire growth at (a)
90 ◦C and (b) 60 ◦C over a period of two hours. Insets show the indicator (IND) function,
which has its minimum at two components for both 90 ◦C and 60 ◦C growth temperatures.
4.3.2 Quantitative Analysis of XANES Data to Identify Principal Zn(II)
Species
Qualitative analysis of time-dependent XANES spectra can provide insight into relative reaction
rates and the transition from disordered to ordered material, but determining the number and iden-
tity of the species involved in the ZnO nanowire growth requires quantitative analysis of the spectra.
PCA, was used to determine the number of components present in an experimental dataset.103 PCA
is widely used in the chemometrics field and has been successfully applied to determine the number
of chemical species in several previous time-resolved and equilibrium XANES studies.100,104,105 A
detailed explanation of the single value decomposition (SVD) algorithm used in the PCA for this
work can be found in Ressler et al.100 Once the SVD algorithm has been applied to a data set,
several statistical criteria such as the indicator function (IND)106, the imbedded error function106
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and F-tests104 can be used to determine the number of principal components in the data set. The
IND function, which reaches a minimum at the number of principal components in the system, was
used for this work due to its robustness and previous success in XANES studies.98,104 The IND
function is an empirical function developed by Malinowski that relies on the secondary eigenvalues
from the PCA.106
Two principal components are required to minimize the IND function for XANES spectra in
this work, as shown in the insets of Figure 4.3. The IND function indicates that exactly two Zn(II)
species are present in ZnO nanowire growth from equimolar 12.5 mM zinc nitrate/HMTA at both
90 and 60 ◦C. If intermediate species existed, slower reaction kinetics at 60 ◦C could increase their
steady state concentration. However, the lack of a third component at either temperature supports
the theory that ZnO crystallizes directly, without the presence of long-lived intermediates.
Target testing identified the two principal components indicated by PCA to be [Zn(H2O)6]
2+ and
ZnO. Target testing, also referred to as target transformation, is a powerful technique which allows
the chemical composition of an unknown species in a mixture to be determined without any a priori
knowledge of the species.104 Based on the IND function, target transformations were performed
using the two components from the PCA dataset to identify the two Zn(II) species. Figures 4.4 and
4.5 show seven standard XANES spectra and the calculated two-component target transforms for
growth at 90 and 60 ◦C, respectively. The XANES standards chosen were solid ZnO, -Zn(OH)2, δ-
Zn(OH)2, and γ-Zn(OH)2, and 12.5 mM aqueous [Zn(H2O)6]
2+, [Zn(NH3)4]
2+, and [Zn(OH)4]
2 – .
These seven standards are the dominant species over a wide range of temperature and pH conditions
potentially useful for ZnO synthesis. For both 90 and 60 ◦C, the transforms provide excellent fits to
the [Zn(H2O)6]
2+ and ZnO standards. However, the other five standards clearly cannot be fit with
linear combinations of the two principal components, and we conclude that they are not present
in significant concentrations at any point during the reaction. For completeness, target transforms
were also calculated with three principal components (not shown). Again, the three-component
transforms calculated at both 90 and 60 ◦C provided excellent fits to the [Zn(H2O)6]
2+ and ZnO
standards but not to the other standards.
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Figure 4.4: XANES spectra of Zn(II) standards for seven species potentially present in ZnO
crystallization (blue dots) compared to target transforms using the two principal components
calculated from the time-dependent XANES dataset obtained at 90 ◦C (black line). Only target
transforms to the [Zn(H2O)6]
2+ and ZnO standards provide suitable fits. Therefore, none of
the other standards are present in measurable quantities (>0.01 mM) during the reaction.
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Figure 4.5: XANES spectra of Zn(II) standards for same seven species as Figure. 4.4 (blue
dots) compared to target transforms using the two principal components calculated from the
time-dependent XANES dataset obtained at 60 ◦C (black line). Only target transforms to the
[Zn(H2O)6]
2+ and ZnO standards provide suitable fits. Therefore, none of the other standards
are present in measurable quantities (>0.01 mM) during the reaction even at low temperatures
that may increase the lifetime of intermediates.
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The standard XANES spectra for the zinc hydroxide phases and the Zn(II)-ammine complexes
are distinctly different than the XANES spectra for [Zn(H2O)6]
2+ and ZnO and cannot be fit by
two- or even three-component target transformations. Therefore, concentrations of zinc hydroxide
or Zn(II)-ammine must be below the sensitivity level of this work (∼0.01 mM). Their presence in
measurable quantities would skew the time-dependent XANES spectra and change the position of
the IND minimum. The presence of an intermediate Zn(II)-HMTA complex is also unlikely. HMTA
has been reported to be a bidentate ligand, bridging between two transition metal ions.107 Water,
hydroxide and ammine are all monodentate ligands with Zn(II).108 The bidentate nature of the
HMTA ligand would change the coordination environment of Zn(II) and thus alter the XANES
spectra significantly. In summary, target testing shows that ZnO growth from aqueous Zn(NO3)2
and HMTA precursors occurs via direct crystallization, without the presence of zinc hydroxide,
Zn(II)-ammine or Zn(II)-HMTA intermediates.
4.3.3 Measuring Dynamics Using Time-Resolved XANES
Dynamics of ZnO growth were studied by fitting linear combinations of the [Zn(H2O)6]
2+ and
ZnO standard spectra to the time-dependent XANES spectra. Figure 4.6 shows the change in
[Zn(H2O)6]
2+ and ZnO fractions as a function of time for several equimolar Zn(NO3)2 and HMTA
concentrations and growth temperatures. Linear combinations of the standard spectra were not
forced to sum to one. Results from ZnO growth at 90 ◦C (Figure 4.6(a-c)) all display a similar
pattern. No ZnO grows during the initial ∼8 minute induction period that occurs during heating.
Induction is followed by rapid ZnO nucleation and growth for ∼10 minutes. ZnO growth then
proceeds linearly and eventually slows and terminates as the ZnO saturation index approaches zero.
This growth pattern has been observed in previous studies of chemical bath deposition.11,66 However,
the ability to resolve both chemical speciation and kinetic information simultaneously is unique to
this work.
The fraction of [Zn(H2O)6]
2+ converted to ZnO during the nucleation phase increases as the
initial concentration of Zn(NO3)2 decreases, as shown in Figure 4.6(a-c). The number of nucleation
sites available on the CdO seed layer is sufficiently high that at lower initial concentrations most
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Figure 4.6: Linear combination fits of 12.5 mM [Zn(H2O)6]
2+ (open square) and ZnO (open
circle) standard XANES spectra to the time-resolved experimental data sets. Dynamics are
shown for the following equimolar concentrations of Zn(NO3)2 and HMTA and growth tem-
peratures: (a) 4.17 mM and 90 ◦C, (b) 6.25 mM and 90 ◦C, (c) 12.5 mM and 90 ◦C and (d)
12.5 mM and 60 ◦C. ”Weight” refers to the fraction of each standard spectrum used to fit the
XANES data and does not translate directly to physical weight fraction. Summation of weights
of 12.5 mM [Zn(H2O)6]
2+ and ZnO standard spectra are plotted as triangles. Weights were
not forced to sum to one. Inset shows concentration of ZnO (ZnO weight multiplied by initial
concentration of [Zn(H2O)6]
2+ versus time at 4.17 mM, 6.25 mM and 12.5 mM [Zn(H2O)6]
2+
concentrations at 90 ◦C growth. ZnO growth rate is independent of concentration during the
nucleation phase.
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of the [Zn(H2O)6]
2+ species are converted to ZnO during the nucleation phase. However, at high
initial concentration, a significant amount of [Zn(H2O)6]
2+ remains in solution after nucleation and
an extended linear growth regime can proceed.
During the nucleation phase, the growth rate of ZnO is independent of the initial [Zn(H2O)6]
2+
and HMTA concentration. The inset of Figure 4.6(a) shows a plot of ZnO concentration (fraction
of ZnO multiplied by the initial concentration of [Zn(H2O)6]
2+) versus time for 90 ◦C growth at
4.17 mM, 6.25 mM and 12.5 mM concentrations. The three ZnO growth curves overlay at early
times for all initial [Zn(H2O)6]
2+ / HMTA concentrations, illustrating that ZnO growth rate during
the nucleation phase is independent of concentration. Instead, the number of available CdO surface
sites limits the growth rate of ZnO during the nucleation phase. After the nucleation period, ZnO
growth proceeds linearly with faster linear growth rates in cases which had larger initial, and hence
larger remaining, [Zn(H2O)6]
2+ / HMTA concentrations.
Figure 4.6(d) shows linear combination fits of ZnO growth from an equimolar 12.5 mM Zn(NO3)2
/ HMTA solution at 60 ◦C. The overall reaction kinetics at 60 ◦C are slower by approximately a
factor of 4 than kinetics at 90 ◦C (Figure 4.6(c)). Furthermore, the non-linear growth regime,
indicative of nucleation, is ∼15 minutes longer. The slower kinetics at 60 ◦C are most likely due to
a reduced rate of thermal decomposition of HMTA to hydroxide ions.14,66
The fraction of [Zn(H2O)6]
2+ and ZnO species for all concentrations and growth temperatures
sums to one (Figure 4.6, triangles), within the experimental error. The increased discrepancy for
the summations at times less than 12 minutes arises because the reactor had not yet reached the
set-point temperature. The XANES spectra of [Zn(H2O)6]
2+ has a small temperature dependence
because the intensity of the white line is suppressed at higher temperatures due to fewer excited
states being available to the photoelectron. Therefore, the [Zn(H2O)6]
2+ standard acquired at 60
or 90 ◦C does not fit quite as well to the experimental spectra acquired at lower temperatures.
The summation of the fractions of [Zn(H2O)6]
2+ and ZnO to one, without constraining the fitting
procedure, further verifies that ZnO growth occurs by direct crystallization without long-lasting
intermediates.
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4.4 Conclusions
I have demonstrated the first in situ x-ray absorption study of the chemical bath deposition (CBD)
of nanostructures. The sensitivity of XANES spectroscopy to the coordination environment of the
absorber element, its low detection limit, and its ability to characterize liquid, amorphous and crys-
talline materials make it an excellent tool for in situ characterization of metal ion speciation during
CBD. Furthermore, the use of principal component analysis, target testing, and linear combination
fitting of standard spectra can be used to elucidate reaction pathways and kinetics. Improved fun-
damental understanding of CBD reactions will aid in tailoring the reaction conditions for current
chemistries to improve the properties of the deposited materials and could also enable novel synthesis
routes for new materials.
I have applied in situ XANES spectroscopy to zinc nitrate / HMTA chemistry to show that ZnO
crystallizes directly from [Zn(H2O)6]
2+ without any long-lived intermediates. HMTA does not act
as a metal-ion buffer in the CBD of ZnO nanowires. Instead, the thermal decomposition of HMTA
provides a controlled source of hydroxide ions for the crystallization of ZnO. The slow release of
hydroxide ions minimizes the non-equilibrium saturation index of ZnO in solution. Controlling pH
in this manner promotes heterogeneous growth over homogenous nucleation by avoiding a high ZnO
saturation index. Understanding the role of HMTA and the dependence of reaction kinetics on
concentration and temperature will enable optimization of reaction conditions to synthesize ZnO
nanowire arrays for applications such as photovoltaics, optoelectronics, and sensors.
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Chapter 5: An In Situ ATR-FTIR Adsorption Study of HMTA on ZnO
Nanoparticle Films in Aqueous Solutions
5.1 Introduction
In this chapter in situ attenuated total reflection fourier transform infrared (ATR-FTIR) spec-
troscopy is used to show that hexamethylenetetramine (HMTA) does not adsorb on ZnO surfaces
in aqueous solutions. Sugunan et al. proposed that HMTA aided in the anisotropic growth of ZnO
nanowires by capping the ZnO basal planes through surface adsorption.45 In chapter four I showed
that HMTA did not form a metal-ion complex with Zn2+ in solution. I concluded that the role of
HMTA was to promote heterogeneous nucleation and growth by keeping ZnO crystallization ther-
modynamically controlled. The x-ray absorption spectroscopy study in chapter four was focused on
the bulk solution and was therefore not well suited to detect HMTA adsorption on ZnO.
ATR-FTIR spectroscopy is one of the few techniques that is able to probe the solid-liquid inter-
face.109 McQuillan showed that adsorption chemistry at the solid-liquid interface of a wide variety
of materials could be studied by ATR-FTIR spectroscopy.110 McQuillan deposited high surface area
nanoparticle films directly onto ATR crystals. The films had a thickness on the order of the pene-
tration depth of the evanescent IR wave. The nanoparticle films had enough surface area to provide
good quality IR spectra of species at the solid-liquid interface. I use this approach here to study
HMTA adsorption on ZnO nanoparticle films.
The results of this ATR-FTIR adsorption study show that HMTA does not adsorb on ZnO.
This supports the conclusion from chapter four that the role of HMTA in ZnO nanowire growth
is only to control the saturation index of ZnO. The slow release of OH – groups by HMTA de-
composition ensures that the ZnO saturation index is close to zero. This keeps ZnO crystallization
under thermodynamic control and promotes heterogeneous nucleation and growth over homogenous
nucleation. This theory is tested by growing ZnO nanowires without HMTA at the same temper-
ature and pH conditions that HMTA growth occurs using the non metal-ion complexing pH buffer
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MES (2-(N-morpholino) ethanesulfonic acid). Nanowire arrays grown from the HMTA free growth
solution closely resemble nanowires grown by HMTA.
5.2 Experimental Details
A high surface area ∼1 µm thick ZnO nanoparticle film was applied to the surface of a 45◦ six
reflection germanium ATR crystal placed in a jacketed flow cell (Specac). A 25 mM KCl solution
was flowed at 0.5 mL/min over the ZnO coated ATR crystal for a minimum of ∼30 minutes or until
the background single-beam infrared spectrum was stable. The flowing solution was then switched
to a 25 mM KCl solution with HMTA added. Additive concentrations of 0.5 mM and 1 mM HMTA
were studied. At these concentrations the solution phase contribution of HMTA has minimal effect
on the absorption spectrum of the solution.111 Infrared spectrum were acquired every minute for
1 h. After 1 h the flowing solution was switched back to the 25 mM KCl solution without HMTA
and infrared spectrum were acquired every minute. The ionic strength of the solution during the
adsorption/desorption experiments was maintained by the 25 mM KCl background electrolyte. KCl
was used because it has minimal IR absorption.
The temperature of the ATR flow cell was maintained at 25 ◦C as were the 25 mM KCl solutions
with and without HMTA added. All aqueous solutions were titrated to a pH of 7.5 using KOH or HCl
before coming in contact with the ZnO film. This was done to avoid ZnO dissolution and maintain
the same fraction of unprotonated to protonated HMTA molecules present during ZnO nanowire
growth conditions (90 ◦C, pH of 5.7). ATR-IR measurements were attempted with the flow cell at
60 ◦C and 90 ◦C. Higher temperatures resulted in extensive dissolution of the ZnO nanoparticle film
and therefore did not provide a stable background. During the ATR-IR measurements the pH of
the flowing aqueous solution was maintained at 7.5 ±0.02 by the addition of 0.01 M KOH or HCl.
All pH measurements were acquired with an Orion 4-star pH meter using a ROSS Ultra electrode.
Scanning electron microscopy was performed with a Zeiss Supra 50VP.
Prior to running the HMTA adsorption studies the efficacy of the experimental setup in detecting
adsorbed species on the ZnO nanoparticle film was verified. In situ ATR-IR spectra were recorded
over a 20 h period as Ru-based N3 dye (Solaronix), a known ZnO adsorbate112, was flowed over the
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ZnO nanoparticle coated ATR crystal. The IR peaks from the dye displayed over 100 times increase
in absorbance units over a 20 h period.
5.2.1 Preparation of ZnO Nanoparticle Film
Depositing a high surface area nanoparticle film on the ATR crystal is critical to obtaining a strong
enough IR signal to detect surface adsorption. High surface area ZnO nanopowder (Strem) was used
for the nanoparticle film. A BET value of 45 m2g−1 was measured for the powder. Commercial
ZnO nanopowders are known to contain many surface impurities which could interfere with the
adsorption process.113 To remove these impurities the ZnO nanopowder was washed up to six times
in DI water or until the conductivity of the supernate did not change between washings. After
washing, the powder was centrifuged, dried at 90 ◦C and stored. To apply a high surface area ZnO
nanoparticle film on the ATR crystal a ZnO suspension was drop coated onto the ATR crystal and
Figure 5.1: Micrograph of typical ZnO nanoparticle film drop coated on a glass slide from the
ZnO ethanol/water suspension.
allowed to dry. A micrograph of the ZnO nanoparticle film deposited on glass is shown in Figure
5.1. The ZnO suspension had a solid-liquid ratio of 2.5 g/L in 1:1 ethanol/water.114 A fresh ZnO
suspension was prepared for each drop coating. To break up aggregates the ZnO suspension was
sonicated for 15 minutes immediately before pipetting 500 µL onto the germanium ATR crystal.
The wetted ATR crystal was dried in a vacuum desiccator. 500 µL of the ZnO suspension was used
because it provided uniform films with a thickness on the order of the penetration depth of the Ge
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ATR crystal. After each adsorption study, the Ge ATR crystal was cleaned with 0.03 M HCl, DI
water, ethanol and acetone in that order.
5.2.2 ATR-FTIR Spectroscopy
Infrared spectra were measured on a Thermo/Nicolet Nexus 6700 spectrometer equipped with a
mercury cadmium telluride (MCT) detector. The spectrometer was purged with dry air. Infrared
spectra were acquired from averages of 32 scans at 4 cm−1 resolution.
5.2.3 ZnO Nanowire Growth Using MES Buffer
Glass substrates seeded with ZnO films66 were dropped into a 100 mL pyrex media bottle filled with
5 mM MES (2-(N-morpholino) ethanesulfonic acid) (Sigma), 2.5 mM KOH (Sigma) and 25 mM
Zn(NO3)2 (Sigma) at 25
◦C. The bottle was sealed, placed in a water bath preheated to 90 ◦C and
rapidly stirred. Immediately after immersing the bottle in the water bath a 0.1 M KOH solution
was flowed into the solution through a hole in the cap at 5 mL/h by a syringe pump. Precipitates
formed in solution within a half hour of starting the flow of KOH. Nanowires were grown for 3 h.
The pH of the MES growth solution was monitored in situ. The pH of the growth solution at 90 ◦C
was measured at 5.5 and would not precipitate ZnO unless KOH was added. MES is a weak acid
and therefore the initial 2.5 mM KOH is needed to increase the pH to approach the ZnO saturation
index. An MES concentration of 5 mM was used because it was the minimal concentration that
would effectively buffer the pH at ∼5.7. Higher MES concentrations would most likely work but
higher KOH concentrations would be needed as well. The Ross Ultra electrode was calibrated using
4.0 and 7.0 pH buffers at 90 ◦C.
5.3 Results & Discussion
5.3.1 N3 Dye Adsorption Study
In order to verify the sensitivity of the ZnO nanoparticle film and spectrometer to adsorbates, a
known ZnO adsorbate was initially studied. Ru-based dyes are widely used as sensitizers on ZnO and
TiO2 nanoparticle films in dye sensitized solar cells.
112 A 0.018 mM solution of N3 dye (Solaronix)
in ethanol was flowed over the ZnO nanoparticle film at 0.5 mL/min. Figure 5.2(a) shows the
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Figure 5.2: (a) Time-dependent ATR-IR spectra of 0.018 mM N3 Dye (Solaronix) in ethanol
flowing over ZnO film. Arrow points in the direction of increasing time. Spectra are from 5
min, 15 min, 30 min, 3 h and 12 h. (b) Peak height at 2111 cm−1 as a function of time during
adsorption study. Notice the small drop in peak intensity around 20 h when the flow cell was
flushed with ethanol. Peak height stabilizes signifying strong chemisorption of the dye on the
ZnO surface.
time-dependent ATR-IR spectra for Ru-dye adsorption on ZnO after 5 min, 15 min, 30 min, 3 h
and 12 h of contact with the flowing dye solution. The adsorption data agrees well with the findings
of Keis et al.112 For a more quantitative assessment of the uptake of dye molecules on the ZnO
nanoparticle film the height of the –NCS peak at 2111 cm−1 112 was measured as a function of time
(Figure 5.2(b)). On a bare Ge ATR crystal a flowing ethanolic solution of 0.018 mM Ru 535 dye
has a –NCS peak height of 4.7 x 10−4 absorbance units. At the end of the 20 h adsorption study
the –NCS peak height was ∼0.06 absorbance units and was still increasing. The high surface area
of the ZnO nanoparticle film effectively provides over 100 times increase in the concentration of
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the Ru-dye species. This high concentrating power provides excellent sensitivity to the presence of
adsorbates on the ZnO surface. At 20 h into the N3 adsorption study the flow cell was flushed with
ethanol. Shortly after flushing the height of the –NCS peak was slightly reduced presumably due to
the removal of physisorbed dye molecules. The –NCS peak height quickly stabilized and maintained
the same level for the remaining 2 h of flushing.
5.3.2 HMTA Adsorption Study
ATR-FTIR was used to test for adsorption of HMTA on ZnO. An ATR-IR spectrum of 25 mM
HMTA in 25 mM KCl background electrolyte is shown for reference in Figure 5.3(a). The peaks at
1012, 1238, 1380 and 1465 cm−1 correspond to the N−C stretch, CH2 rock, CH2 wag and the CH2
scissors respectively. For adsorption studies on the ZnO nanoparticle film the height of the N−C
stretch peak was monitored as a function of time. The N−C stretch peak was chosen because the
lone electron pairs on nitrogen offer the most likely bonding site with ZnO.115 A shift in the N−C
peak position coupled with an increase in the peak height over time would provide strong evidence
of HMTA chemisorption on ZnO.
Figure 5.3(b) shows the results of the HMTA adsorption study on the ZnO nanoparticle film.
The N−C stretch peak at 1012 cm−1 and the CH2 rock peak at 1238 cm−1 appear after 5 min of
flowing the 1 mM HMTA solution over the ZnO nanoparticle coated ATR crystal. These initial small
peaks are from the solution phase and do not indicate adsorption on ZnO. Any further increase in
peak height would indicate adsorption on the high surface area ZnO film. The peaks at 1380 cm−1
and 1465 cm−1 were not able to be resolved from the noise. Subsequent ATR-IR spectra at 15, 30
and 60 min show no increase in the N−C stretch or CH2 rock peak heights nor was any deviation in
peak position observed. The time invariant peak positions and height of the HMTA ATR-IR spectra
in the presence of the high surface area ZnO nanoparticle film strongly supports the lack of HMTA
adsorption on ZnO. Furthermore, after only 8 min of flushing the flow cell with 25 mM KCl both the
N−C stretch and CH2 rock peaks disappear completely, further indicating that the HMTA peaks
observed were only from the solution phase and no adsorption on the ZnO surface had occured.
Figure 5.3(c) shows a plot of the N−C stretch peak as a function of time. The N−C stretch peak
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Figure 5.3: (a) ATR-IR spectrum of 25 mM HMTA in 25 mM KCl background electrolyte
flowing over bare Ge ATR crystal. (b) Time-dependent ATR-IR spectrum during HMTA ad-
sorption study on ZnO film. 1 mM HMTA in 25 mM KCl flowing over ZnO coated Ge ATR
crystal. Neither the N−C stretch nor the CH2 rock show an increase in peak height over time.
(c) Height of N−C stretch peak as a function of time during adsorption study. At 60 min the
flow cell was flushed with 25 mM KCl without HMTA. Both HMTA peaks disappear after only
∼8 min supporting the conclusion that HMTA does not adsorb onto ZnO.
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height does not increase due to adsorption over the 60 min period and returns to baseline levels
shortly after flushing the reactor with 25 mM KCl. Results from the adsorption study with the 0.5
mM HMTA solution (not shown) also showed no sign of adsorption on ZnO.
The proposal by Sugunan et al. that HMTA adsorption on the basal planes of ZnO resulted in
anisotropic growth morphology is not valid. The anisotropic growth morphology of ZnO nanowires
originates from the differences in growth rates between the {101¯0} and the {0001} family of faces.67,116
The {0001} faces are charged and therefore have a higher surface energy than the neutral {101¯0}
faces. Crystal growth near equilibrium conditions limits the free energy of the system by minimizing
the surface area of the high energy faces.61 This results in anisotropic growth along the <0001>
direction.
HMTA adsorption measurements were attempted with the flow cell at 60 ◦C and 90 ◦C. Higher
temperatures resulted in extensive dissolution of the ZnO nanoparticle film and therefore did not
provide a stable background.
5.3.3 ZnO Nanowire Growth Using MES Buffer
The results above show that the role of HMTA during ZnO nanowire growth does not involve
adsorption on the ZnO surface. In chapter four I showed that a Zn-HMTA complex was not present
in solution and concluded that the role of HMTA during ZnO nanowire growth was to control the
pH of the solution. The slow releasing of OH− ions by the thermal decomposition of HMTA ensures
that the crystallization of ZnO remains in a thermodynamically controlled regime. When ZnO
crystallization is thermodynamically controlled, heterogenous nucleation and growth dominate over
homogenous nucleation and precipitation.117
ZnO nanowire arrays have been successfully grown without HMTA but not at near neutral pH
conditions or without Zn complexing agents such as ammonia.34,40–42 Here I will show that dense,
well aligned ZnO nanowire arrays can be grown without HMTA or ammonia at near neutral pH
conditions.
Calculations with PHREEQC show that in slightly acidic to neutral pH conditions the saturation
index of ZnO is extremely sensitive to small changes in pH. Thus simply titrating a 25 mM Zn(NO3)2
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solution with dilute KOH results in rapid homogeneous nucleation and no surface growth. Control-
ling the rate of pH change is critical to keeping ZnO crystallization thermodynamically controlled.
pH buffers provide a well studied straightforward method to mitigate the rate of pH change of a
solution upon adding a strong base. The buffer MES (2-(N-morpholino)ethanesulfonic acid) is ideal
for this application. MES does not form strong complexes with metal-ions43,44 and has a pKa of
5.7 at 90 ◦C29. The Henderson-Hasselbach equation shows that buffer agents will have a maximum
buffering capacity at a pH = pKa.
44 Therefore MES will have a maximum buffering capacity at the
pH conditions measured during ZnO nanowire growth with HMTA.
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Figure 5.4: Plot of pH as a function of time for 5 mM MES, 2.5 mM KOH and 25 mM
Zn(NO3)2 solution at 90
◦C titrated with 0.1 KOH. The initial decrease in pH occurs during
the heating of the reactor.
Figure 5.4 shows a plot of pH as a function of time for the MES buffered solution and the
conventional HMTA solution during ZnO nanowire growth at 90 ◦C. Both solutions have a pH that
stabilizes at ∼5.7. The main difference between the two pH plots occurs at the beginning of the
reaction. The HMTA solution starts at a pH of 6.8 and falls linearly to 5.7 within the first 20 minutes.
The fall in pH during the first 20 minutes is due to the heating of the reactor. The ionization of
water is an endothermic reaction therefore increasing the temperature increases the pH. The pH
stabilizes once the set point temperature has been reached. The pH of the MES buffered solution
starts at 6.2 and falls in an irregular pattern during the first 45 minutes. The potential effects these
differences have on the morphology of the nanowires will be discussed in the next section.
Figure 5.5(a) is a micrograph of the top view of the ZnO nanowires grown using the MES buffer
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Figure 5.5: (a) Top view micrograph of ZnO nanowires grown for 3 h at pH of 5.7 and 90
◦C in 25 mM Zn(NO3)2 and 5 mM MES buffer. Solution was stirred while titrating with 0.1
M KOH at 5 mL/h using a syringe pump. (b) Cross-sectional micrograph of ZnO nanowires
grown by the same method.
solution. The nanowires are dense, well-aligned and ∼80 - 100 nm in diameter. Figure 5.5(b) shows
a micrograph of a cross-section of the nanowire array. After 3 h of growth the nanowires are ∼860
nm long. In situ pH measurements recorded a steady pH of 5.7 throughout the 3 h reaction. To my
knowledge this is the first deposition of ZnO nanowire arrays at 90 ◦C and a pH of ∼5.7 without
HMTA. The strong buffering effect of MES stabilizes the pH, controlling the rate of hydrolysis of
Zn2+ ions and ultimately the rate of ZnO crystallization. ZnO crystallization is thermodynamically
controlled, allowing for heterogenous nucleation and growth to dominate.
The nanowires grown from the MES buffered solution look very similar to those grown from an
HMTA solution but their are subtle differences. The nanowires arrays grown from the MES solution
71
are not as dense as the HMTA grown nanowires and they are 10 - 20 nm larger in diameter. These
differences originate at the initial heat-up period where the pH curves display clear differences. As
mentioned earlier, the pH of the HMTA solution during the heat-up period is higher than the MES
solution. The pH during the heat-up period influences the nucleation of the nanowires. The higher
pH in the HMTA solution, during the heat-up period, ensures that the saturation index for ZnO is
close to zero throughout the nucleation phase. Whereas the lower initial pH of the MES buffered
solution results in an undersaturated bath. These differences in saturation index affect the nucleation
of nanowires off the ZnO seed layer and most likely result in the HMTA grown nanowire arrays being
denser. Furthermore, because the MES solution deposited nanowire array is less dense the {101¯0}
surfaces of the long nanowires are more likely to experience growth. This results in slightly larger
diameter nanowires grown in the MES solution. A higher pH in the MES solution during the initial
nucleation phase is the key to increasing the density of the nanowire array. Increasing the initial
KOH concentration in the MES solution is one possible route to increase the pH during this period.
Beyond supporting the previously stated conclusions regarding the role of HMTA, ZnO nanowire
growth by slowly adding KOH to MES buffered solutions allows growth temperature, buffer capacity
and rate of OH− addition to be independently explored. This is not possible with HMTA since
the rate of OH− addition is inherently linked to temperature by the kinetics of HMTA thermal
decomposition. This opens up possibilities for exploring the effect different OH− addition rates
at different temperatures have on ZnO growth mechanisms and optoelectronic properties. The
slow addition of OH− ions at high temperatures could lead to improved ZnO crystallinity. Other
advantages of the MES buffer route over non-HMTA chemistries for ZnO nanowire growth are near-
neutral pH conditions and no ammonia.
5.4 Conclusions
I have shown through in situ ATR-FTIR spectroscopy that the role of HMTA during ZnO nanowire
growth does not involve adsorption on the ZnO surface. This supports the conclusion in chapter
four that the role of HMTA in ZnO nanowire growth is to keep the crystallization of ZnO under
thermodynamic control by the slow release of OH− ions.
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Furthermore, it was shown that well-aligned ZnO nanowire arrays could be grown without HMTA
or ammonia present at near-neutral pH conditions and 90 ◦C. This further supports the previous
conclusions on the role of HMTA and opens up possibilities for independently exploring the effect
OH− addition rate and temperature have on ZnO crystallinity.
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Chapter 6: Combinatorial Chemical Bath Deposition of CdZnS Thin
Films Using a Continuous Flow Microreactor
6.1 Introduction
In this chapter combinatorial chemical bath deposition (CBD) is introduced as a technique to better
understand the relationship between growth conditions and material properties of semiconductor
thin films. The continuous flow microreactor (CFµR) reported in chapter three was used to deposit
thin films of CdZnS with wide variations in morphology, composition, structure and optoelectronic
properties across the substrate.
CdZnS is a II-VI semiconductor alloy that has shown promise as a buffer layer in thin film
photovoltaics.118–121 Bhattacharya and Naghavi have reported CIGS solar cells using CBD grown
Zn-Cd-S(O,OH) buffer layers with efficiencies that are competitive with the industry standard CdS
buffer layers.118–120 Introducing zinc into the CdS lattice increases the band gap of CdS which
reduces the amount of light absorbed by the buffer layer.120 Furthermore, CdZnS can reduce the
lattice mismatch with the CIGS absorber layer improving electron transport at the p-n junction.122
Unfortunately, current CBD chemistries for CdZnS films result in numerous oxygen impurities which
may have a deleterious affect on cell performance.118,120,123 Understanding the relationship between
growth conditions, oxygen impurities and the resulting optoelectronic properties of CdZnS films is
essential to improving CBD grown CdZnS buffer layers.
The following reactions have been proposed for the growth of CdZnS films from cadmium and
zinc salts, ammonium hydroxide and thiourea precursors:118
Zn(NH3)
2+
4 ↽−
heat−−⇀ Zn 2+ + 4 NH3 log K25◦C = -8.8929 (6.1)
Cd(NH3)
2+
4 ↽−
heat−−⇀ Cd 2+ + 4 NH3 log K25◦C = -6.7229 (6.2)
(NH2)2SC
Thiourea
+ OH− −−→ HS− + CH2N2 + H2O (6.3)
HS− + OH− −−⇀↽− S 2− + H2O log K25◦C = 1.0830 (6.4)
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Cd 2+ + S 2− −−→ CdS Ksp = 10−28 (6.5)
Zn 2+ + S 2− −−→ ZnS Ksp = 10−25 (6.6)
Upon heating the bath the equilibrium reactions (6.1) and (6.2) shift to the right increasing the
amount of free Cd 2+ and Zn 2+ ions in solution. Hydroxide ions and elevated bath temperatures
increase the rate of thermal decomposition of thiourea resulting in the release of HS – ions and
ultimately S 2 – ions.124 Cd(OH)2 has also been found to catalyze the decomposition of thiourea
and may play a role in CdZnS deposition.125–128 Upon release of Cd 2+ and S 2 – supersaturation of
CdS is readily obtained given its low Ksp. Deposition of CdZnS is complicated by the fact that the
Ksp of ZnS is three orders of magnitude larger than the Ksp of CdS. Therefore successful deposition
of CdZnS films requires a much higher concentration of zinc salt than cadmium salt in order to
reach supersaturation for both phases. ZnO and certain phases of Zn(OH)2 are also readily formed
at the studied conditions. Understanding the kinetics of these competing deposition reactions as
precursor concentrations and pH levels change throughout the reaction is a significant challenge in a
batch reactor. Depositing CdZnS films in a CFµR allows the kinetics of the deposition to be probed
through straightforward spatial characterization.
A few reports exist on the use of confined continuous flow systems to deposit materials on sub-
strates,23,24 although no reports have been published in which a continuous flow reactor was used to
purposely grow films with wide variations in material properties across the substrate. Combinatorial
CBD provides a straightforward technique for probing the kinetics of CBD reactions.
6.2 Experimental Details
The home-built CFµR described in chapter three was used for this work. The 6061 aluminum de-
position channel was replaced with stainless steel in order to avoid dissolution of the channel by
the alkaline deposition conditions. Beyond this modification no other changes were made to the mi-
croreactor setup. Details on the continuous flow microreactor setup are detailed in the experimental
section in chapter three.
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Si wafers and conducting glass (F:SnO2 coated) cut to 25 mm x 55 mm were used as substrates.
All substrates were cleaned by sonicating at 60 ◦C for 10 min in Contrad 70 detergent followed by
sonicating for 10 min in DI water.
6.2.1 CdZnS Thin Film Growth Conditions
CdZnS films were deposited at 70 ◦C from aqueous solutions of ZnSO4, CdSO4, thiourea and
NH4OH.
119,120 Zn:Cd ratios ranging from 400-100:1 were initially explored with ZnSO4, thiourea
and NH4OH concentrations fixed at 0.02 M, 0.25 M and 0.58 M respectively. A Zn:Cd ratio of 200:1
was used to grow all combinatorial CdZnS films discussed here. The 200:1 Zn:Cd ratio resulted in
well adherent films with maximum surface coverage. Higher Zn:Cd ratios resulted in limited depo-
sition across the substrate while lower ratios (e.g. 100:1) showed clear signs of ZnO growth. A total
flow rate of 2.88 mL/hr was used, which corresponds to a residence time of 15 min. All films were
grown for a total of 3 h in the microreactor.
6.2.2 Film Composition Analysis
X-ray photoelectron spectroscopy (XPS) was used to measure the elemental composition of the
CdZnS film at various positions on the substrate. XPS measurements were performed at the Uni-
versity of Delaware on an ESCALab 220i-XL electron spectrometer (VG Scientific, UK) with a
monochromatic aluminum Kα (1486.7 eV) X-ray source. The X-ray spot size was 400-micrometer-
diameter (nominal FWHM size), operating at 15 kV, 8.9 mA, and 124 W for both survey and
high-resolution spectra. The high-resolution spectra were collected at a pass energy of 20 eV (re-
sulting in an energy resolution of approximately 0.1 eV). Surface carbonate and hydroxide impurities
were removed from the CdZnS films by Argon sputtering under UHV conditions. Data processing
was performed using CasaXPS software
6.2.3 Film Structure Analysis
The local structure around zinc, cadmium and sulfur in the CdZnS films was probed at various
film positions by x-ray absorption near-edge structure (XANES) spectroscopy. Zn and Cd K-edge
XANES spectra were acquired at the bending magnet (BM) beamline of the Materials Research
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Collaborative Access Team (MRCAT) line at the Advanced Photon Source, Argonne National Lab-
oratory. The x-ray spot size at the Zn and Cd K-edge was 2 mm x 300 µm oriented to provide
maximum spatial resolution to the gradient of the film. The S K-edge XANES spectra were per-
formed at beamline 9-BM at the Advanced Photon Source. The x-ray spot size at the S K-edge was
1 mm in diameter. All XANES spectra were acquired in fluorescence mode except for the XANES
standards at the Cd and Zn K-edge which were acquired in transmission. Zn foil, CdS powder and
Na2S2O3 were used as references to aid in the alignment of the XANES spectra. The maximum of
the first pre-edge feature in the Na2S2O3 S K-edge XANES spectrum was aligned to 2469.2 eV.
129
Zn foil and CdS powder reference spectra were acquired using a scattered radiation detector as
described by Cross and Frenkel.130
To aid in determining the local environment of zinc, cadmium and sulfur in the CdZnS film,
standards were synthesized or purchased for XANES fingerprinting. The zinc standards consisted
of the following powders: ZnO (Sigma), -Zn(OH)2 (PDF#00-038-0385), δ-Zn(OH)2 (PDF#00-
020-1436), γ-Zn(OH)2 (PDF#00-020-1437), Zn5(CO3)2(OH)6 (Alfa Aesar), ZnS−cubic (Sigma).
The cadmium standards were the following powders: CdS−hexagonal (Sigma), CdS−cubic, CdO
(Sigma), Cd(OH)2 (Alfa Aesar) and CdCO3 (Alfa Aesar). XANES spectra of the powder standards
were acquired at 25 ◦C. Zn(OH)2 phases were synthesized as described in Appendix A. Cubic phase
CdS powder was synthesized by chemical bath deposition at 70 ◦C with 0.0015 M CdSO4, 0.074 M
thiourea, and 1.06 M NH4OH precursors. The CdS growth reaction was allowed to proceed for 45
min after which the precipitate was filtered, rinsed and dried at 60 ◦C. Sulfur standards consisted
of cubic and hexagonal phase CdS powders and cubic ZnS powder (Appendix B).
Normalization and linear combination fitting of standard spectra to the spatially-dependent
experimental spectra were performed using Athena.97
6.2.4 Film Morphology & Optoelectronic Properties
CdZnS thin films were imaged using scanning electron microscopy (SEM, Zeiss Supra 50VP). Film
thickness measurements were obtained using cross-sectional micrographs of the film and spectral
reflection with a Filmetrics F50. The micrograph measurements were used to aid the Filmetrics
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software in determining both n and k values for the film. Room temperature photoluminescence
(PL) was excited using a 325 nm HeCd laser and emission was measured using an Ocean Optics
USB4000 spectrometer. All PL data was acquired from films deposited on <100> oriented Si wafers
to avoid spurious emission from glass. The spot size for PL measurements was ∼2 mm. The
optical transmission spectra of the CdZnS films were also recorded using an Ocean Optics USB4000
spectrometer. The spot size for optical transmission measurements was ∼500 µm in diameter.
6.3 Results & Discussion
The combinatorial CBD of CdZnS films in the CFµR operates according to the same plug flow model
described in chapter two for the deposition of ZnO nanowires. Bath composition varies spatially
along the channel length, but the composition profile is independent of time. The interference
pattern in Figure 6.1(a) shows the monotonic change in film thickness as a function of substrate
position. The film is thickest at the inlet (epicenter of interference fringes, center-left) where the
highest degree of supersaturation in the bath occurs and thus the maximum growth rate of the film.
Film thickness decreases rapidly away from the inlet, as indicated by the multiple tightly spaced
concentric interference fringes which surround it. Farther downstream the interference fringes spread
out, indicating more uniform film growth rates. As the bath chemistry approaches the saturation
limit for the various CdZnS compounds, the driving force for deposition is reduced. The lack of
interference fringes past 20 mm from the inlet indicates a negligible gradient in film thickness due
to the saturation limit for the CdZnS compounds being reached. Figure 6.1(b) is a plot of film
thickness as a function of position and provides a more quantitative view of the spatial dependence
of the film growth rate. The CdZnS film thickness from 0 mm to 16 mm from the inlet was measured
with micrographs and the thickness from 16 mm to 40 mm was measured by spectral reflection with
a Filmetrics F50. At the inlet the film displays a maximum thickness of 1.8 µm. The film thickness
decreases rapidly to 150 nm at a distance of 16 mm from the inlet. From 16 mm to 25 mm from
the inlet the film thickness gradually decreases to ∼31 nm and maintains approximately the same
thickness throughout the rest of the substrate. It is important to note that the microreactor was
loaded with a charge of the precursor solution prior to heating. Therefore, the ultra-thin films grown
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Figure 6.1: (a) CdZnS deposition on a Si wafer showing the interference pattern from spatial
variation in film thickness. (b) Plot of CdZnS film thickness as a function of distance from the
inlet.
near the outlet of the reactor are more representative of the early stages of batch growth than con-
tinuous growth. The ability to explore film morphology, composition and optoelectronic properties
at different stages in the growth process by characterizing a single substrate from one experiment is
a unique feature of the CFµR.
6.3.1 Morphology of Film
The CdZnS films display spatially dependent growth rate and morphology. Analysis of the spatially-
dependent morphology provided by combinatorial CBD can help improve our understanding of how
bath chemistry affects film morphology, in a single experiment. The evolution of the CdZnS film
morphology is shown in the micrographs in Figure 6.2 at 0, 4, 8 and 16 mm from the inlet (6.2a
- 6.2d respectively). At the inlet, 1 - 2 µm diameter nodules predominate the surface of the film.
Moving downstream from the inlet the number of nodules decreases, as does their diameter. By
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Figure 6.2: Top view SEM images of the CdZnS films taken at (a) inlet, (b) 4 mm, (c) 8 mm,
(d) 16 mm and (d-inset) 28 mm from the inlet. Notice the decrease in frequency and size of
nodules farther from the inlet.
16 mm from the inlet the average size of the nodules has decreased to ∼300 nm. The film at 16
mm primarily consists of a ∼100 nm cluster size base layer with sparse nodules growing on top.
Naghavi et al. reported the presence of nodules on CdS deposition when zinc ions were added
to the bath.120 The decrease in frequency and size of the nodules farther from the inlet is most
likely due to the decrease in the total amount of zinc in the bath. The deposition of CdZnS on
the substrate and precipitation in the bath both act as sinks for solution phase zinc species. X-ray
energy dispersive spectroscopy of nodules on the CdZnS film, in both top down and profile view,
show uniform composition in the base layer and the nodules with no sign of zinc phase segregation.
The presence of zinc ions in the bath most likely causes nodules to form on the film surface by
increasing the film growth rate and promoting a cluster-by-cluster growth mechanism over ion-by-
ion growth.126–128,131 A batch simulation using the aqueous geochemistry code PHREEQC30 shows
that the addition of zinc ions to the precursor solution increases the concentration of free Cd 2+ ions
by zinc competing with cadmium for ammonia ligands. The increased concentration of Cd 2+ ions in
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the bath raises the non-equilibrium saturation index of CdS in the bath. A higher saturation index
results in increased film growth rate.61,116,132
Nodules were not present on the film in the region 25 mm to 40 mm from the inlet. The inset
of Figure 6.2d shows a micrograph of the film 28 mm from the inlet. The film is dense, without
nodules and has a grain size of ∼80 - 100 nm. The lower concentration of zinc ions near the outlet
of the reactor and the difference in film composition, which will be discussed in detail below, are
possible reasons for the lack of nodule formation on the film near the outlet.
6.3.2 Film Composition
Knowing the elemental composition of the combinatorially grown CdZnS films as a function of
position can help elucidate connections between film composition and material properties. X-ray
photoelectron spectroscopy (XPS) is a surface sensitive technique that can provide elemental com-
position at better than 1 at% resolution. Figure 6.3 shows the elemental composition determined
by XPS of a combinatorially grown CdZnS film as a function of position. The composition of the
CdZnS film changes dramatically over the 30 mm distance. At the inlet the film is dominated by
cadmium and sulfur in a ∼1:1 ratio. Moving downstream by 30 mm, zinc and oxygen are the dom-
inant elements with approximately half the amount of sulfur found at the inlet and trace amounts
of cadmium.
The ∼1 - 2 at% of C and N in the film grown near the end of the reactor are from CO 2 –3 and most
likley pseudohalogenic ions such as cyanamide (NCN 2 – ), thiocyanate (SCN – ), cyanate (OCN – )
and cyanide (CN – ) respectively.133
The decline of cadmium in the film, starting at 5 mm from the inlet, is due to the depletion of
Cd 2+ ions in the bath by CdZnS film growth and precipitation in solution. Between 19 mm and 29
mm from the inlet the percentage of cadmium in the film falls to<0.1 at% which is within the limits of
error for XPS detection. From 10 mm to 15 mm from the inlet the concentration of zinc in the film
overtakes the declining cadmium concentration (Figure 6.3(inset)). The large shifts in elemental
composition in the film as a function of position are a reflection of the significant differences in
solubility products (Ksp) for the saturated phases. As mentioned in previous reports, the differences
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Figure 6.3: Spatially-dependent elemental composition of CdZnS films by x-ray photoelectron
spectroscopy (XPS). (inset) Ratio of zinc to cadmium atoms in the CdZnS film as a function of
position.
in Ksp between CdS and ZnS make the formation a pure ternary phase challenging.
119 Furthermore,
the alkaline conditions that are necessary for good quality CdS, ZnS and presumably CdZnS films
lead to deleterious deposition of ZnO and Zn(OH)2 phases. The continuous flow microreactor allows
us to explore a wide variety of deposition conditions spatially and identify the effect these different
conditions have on the morphology, impurity concentrations, and optoelectronic properties of the
film.
Beyond quantitative analysis of the elemental composition in the films, XPS is also sensitive to
the chemical state of elements in the film. Figures 6.4 and 6.5 show shifts in the S 2p and the O
1s line-shape respectively as a function of position on the substrate. In Figure 6.4 the S 2p spectra
shows a gradual transition from S−Cd bonds near the inlet to S−Zn bonds near the outlet. This
makes sense given the decrease in cadmium in the film farther from the inlet. In Figure 6.5 the
O 1s spectra is plotted for various positions on the film. Near the inlet, two components, OH –
at 531.5 eV and O 2 – at 529.7 eV, have been used to fit the O 1s line-shape. The C 1s spectra
from the CdZnS films deposited within 7 mm of the inlet did not show a carbonate peak. The lack
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Figure 6.4: Fitted and normalized high resolution XPS S 2p spectra of CdZnS films taken at
various positions on the substrate with spectra from CdS and ZnS single crystal standards. No-
tice the gradual transition in the S 2p line shape and binding energy from a S−Cd environment
to a S−Zn environment.
of carbonate species in the films deposited near the inlet simplifies the O 1s fitting procedure and
justifies the use of only OH – and O 2 – components.134 Oxygen in the film grown near the inlet is
primarily found as a OH – .
Given that the Zn:O ratio is ∼1:1 near the inlet, OH – acts as an impurity in what is most likely
ZnO rather than forming a separate Zn(OH)2 phase. The O 1s spectra from deposition near the
outlet shows a large increase in overall intensity with a shift toward the O 2 – component. A CO 2 –3
peak centered at 289.1 eV was found in the C 1s line-shape acquired from the film deposited near
the outlet. A broad S 2p peak centered around ∼167 eV was also measured in the film near the
outlet. This peak was attributed to SO 2 –4 complexes and will be discussed in more detail in the local
structure section. Fitting the O 1s line-shape near the outlet into its individual components is non-
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2−
4 oxygen species are present as well.
trivial given the number of oxygen species in the film. Furthermore the binding energies for OH –
and SO 2 –4 groups overlap. Fitting the O 1s line-shape near the outlet with four components was
unsuccessful. Therefore only three components were used to with the high binding energy component
centered around 531.8 eV being attributed to both OH – and SO 2 –4 groups. The shift in the O 1s
line-shape to the O 2 – component could be due to a decrease in the pH of the bath farther from the
inlet. The same precursor solution in a batch reactor displays a decrease in pH from ∼10.6 to ∼9.6
by the endpoint of the reaction. The higher pH near the inlet could be responsible for the large
amounts of OH – impurities. The presence of CO 2 –3 in CdS films has been reported before and was
attributed to the decomposition of thiourea to yield cyanamide which can react with OH – groups
to form CO 2 –3 .
133 The precursor solutions are degassed prior to being injected into the microreactor
so the production of CO 2 –3 by the decomposition of thiourea is the most likely source of CO
2 –
3 ions.
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6.3.3 Local Structure of Film
Interpreting binding energy shifts and changes in the line-shape of high resolution XPS spectra can
be difficult especially for the chemically rich areas such as the O 1s region. Furthermore, with XPS
data alone it is impossible to determine whether ZnO, Zn(OH)2 or ZnS phase segregation is occurring
in the films or a true ternary CdZnS phase is present. As I showed in chapter four x-ray absorption
fine structure (XAFS) spectroscopy and specifically the XANES region is highly sensitive to local
structure and is element specific. The elemental specificity of XAFS allows the local structure of
the constituent elements in the CdZnS film to be probed. Figure 6.6 shows XANES spectra at
the (a) Zn, (b) Cd and (c) S K-edge at various positions on the film. The spatially-dependent set
of Zn K-edge spectra is shown in Figure 6.6(a). It is common practice in the XANES analysis of
mixtures to linearly combine spectra of the possible constituent materials to construct the observed
spectra. Linear combination fitting of the Zn K-edge XANES spectra from the zinc standards was
unsuccessful at replicating the set of Zn K-edge XANES spectra from the CdZnS film. Therefore,
phase segregation is not occurring in the film. The inability to fit the Zn K-edge XANES spectra to
any combination of zinc standards, coupled with the gradual transition in the S 2p XPS spectra from
a S-Cd bond to a S-Zn bond (Figure 6.4) supports the formation of a CdZnS ternary phase. The
subtle difference in the spatially-dependent Zn K-edge XANES spectra, highlighted in the inset of
Figure 6.6(a), is indicative of a small change in the coordination environment around zinc. Extended
XAFS spectra are required to determine the details of this change in coordination environment.
Figure 6.6(b) shows three Cd K-edge XANES spectra. The topmost spectra labeled CdZnS was
observed at all positions on the CdZnS film from the inlet to 18 mm downstream. Positions farther
than 18 mm from the inlet did not contain enough cadmium to provide an adequate signal to noise
ratio. The middle spectra is from the cubic phase CdS powder and the bottom spectra is from the
hexagonal phase CdS powder standard. The XANES spectra from all three of these samples are
almost identical. XANES spectra at the S K-edge is far more sensitive to the differences in local
structure between these phases and will be discussed below.135 The lack of change with position
in the CdZnS spectra does not necessarily indicate that pure CdS has been deposited. XANES
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Figure 6.6: XANES spectra of the CdZnS films (a) Zn K-edge spectra acquired from the inlet
to 20 mm downstream on CdZnS film. (b) Cd K-edge spectra, top: inlet to 18 mm on CdZnS
film, middle: cubic CdS powder grown by chemical bath deposition, bottom: hexagonal CdS
powder from Sigma. (c) S K-edge spectra from inlet to 18 mm on CdZnS film.
represents an average measurement of the local structure. Small dopant quantities may not perturb
this average significantly enough to markedly affect the Cd K-edge spectra.
Figure 6.6(c) shows the spatially-dependent S K-edge XANES spectra observed from the inlet
to 18 mm downstream. The spectra acquired from the inlet to 10 mm downstream match up well
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with the S K-edge spectra of cubic CdS (Appendix B). Farther downstream the white line drops in
intensity and a peak at 2479.8 eV appears and increases in intensity with distance from the inlet.
The peak at 2479.8 eV is attributed to SO 2 –4 complexes in the film and was also observed by Soo
et al. in oxygen doped CdS films deposited by rf sputtering.136 Further studies are necessary to
determine whether these SO 2 –4 complexes are from the original sulfate precursors or are formed as
byproducts of the CdZnS growth reactions. Lastly the absorption edge of the XANES spectra shift
to higher energies farther downstream. This is due to an increase in binding energy of the S 1s
electron most likely caused by a change in the sulfur coordination environment.
6.3.4 Optoelectronic Properties of Film
Tailoring the optoelectronic properties of buffer layers to improve the performance of thin film pho-
tovoltaics is currently an active area of research. One of the key attributes of combinatorial CBD in
the CFµR is the ability to directly relate a broad range of film compositions to the optoelectronic
properties of the film on one substrate through spatial characterization. Both UV-VIS and photo-
luminescence spectroscopy have been used to measure the optical band gap and the defect states
respectively in the film as a function of position. The optical transmittance spectrum for the first
16 mm of film deposition is shown in Figure 6.7(a). The absorption edge blue shifts at distances
farther from the inlet which indicates an increase in the band gap. CdZnS is a direct band gap
semiconductor and therefore the absorption coefficient can be related to light frequency using the
equation below:
α =
A
hν
(hν − Eg)1/2
Where α is the absorption coefficient of film, A is a frequency-independent constant, h is Planck’s
constant, ν is the frequency of light and Eg is the materials band gap. Since A is a constant, Eg can
be determined by plotting (hαν)2 vs. hν. If the material does indeed have a direct band gap, then
the plot will result in straight lines that can be extrapolated to (hαν)2 = 0. The extrapolated line
intersects the hν axis at the value of the band gap. Figure 6.7(b) shows the plot of (hαν)2 vs. hν
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Figure 6.7: (a) Optical transmittance spectra as a function of position on CdZnS film. (b)
Band gap of CdZnS film as a function of substrate position. Band gap increase by 0.3 eV 16
mm from the inlet.
for the combinatorially grown CdZnS films. The extrapolated lines (dotted) are included for trans-
mission data collected 8 mm, 12 mm and 16 mm from the inlet. The inset of Figure 6.7(b) has
the band gap values plotted for the various positions on the substrate. From the inlet to 16 mm
downstream, the band gap value increases from 2.44 eV to 2.75 eV. The increase in band gap farther
from the inlet is due to composition changes in the film. Both the substitution of zinc for cadmium
in the CdS lattice and the presence of oxygen in the film can widen the band gap. ZnS is a wide
band semiconductor with a band gap of 3.54 eV.137 If the Virtual Crystal Approximation is applied
(VCA) then the band gap of the resulting CdZnS alloy will be a linear interpellation of the CdS and
ZnS endpoints.138 The presence of oxygen in CdS films has been shown to decrease crystallite size
leading to quantum confinement induced band gap widening.139 Another potential reason for the
increase in the band gap which merits discussion, but is not believed to be involved in the CdZnS
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films deposited here, is substrate induced strain. Ortuno-Lopez et al. reported that tensile strain at
the substrate-film interface lead to an increase in the optical band gap in CdS films.140 CdS films
deposited by Ortuno-Lopez et al. had a maximum increase in band gap of 0.26 eV and were 43
nm thick. At that thickness substrate-induced strain can have a significant effect on the optical
properties of a film.80 However, the CdZnS films deposited here show a band gap increase of 0.3 eV
at a film thickness of 150 nm. Films deposited by Ortuno-Lopez et al. which were 120 nm thick
did not show an increase in their band gap. Therefore substrate-induced strain is not believed to
be responsible for the band gap shift observed in the CdZnS films. Substrate-induced strain most
likely does affect the optical properties of the ultra-thin films grown near the outlet of the substrate
but optical transmission spectra did not show a significant absorption edge in this region.
Photoluminescence spectroscopy was used to further characterize the band-edge of the films as
well as potential defect states. Figure 6.8 shows large changes in both the peak position and intensity
for PL spectra acquired at 4 mm intervals on the CdZnS films. Band-edge emission for intrinsic
ZnO and CdS are plotted as vertical dotted lines and labeled respectively. Band-edge emission for
intrinsic cubic-ZnS would occur at ∼3.5 eV, the right-most edge of the graph. None of the major
PL bands observed on the film correspond to band-edge emission from CdS, ZnS or ZnO. Therefore
the observed changes in PL emission are attributed to different defect states in the material. In
semiconductor alloys the replacement of anion atoms by isoelectronic atoms with very different
electronegativity can lead to localized electronic defect states and complex PL spectra.138 Oxygen
has a much higher electronegativity than sulfur and has been shown to act as an acceptor in CdS.
Therefore, oxygen incorporation in the film is one possible reason for the observed complex PL.
At the inlet the PL spectra displays a single broad peak centered at ∼1.8 eV with a broad, weak
shoulder at ∼2.4 eV. The weak shoulder is most likely due to band-edge emission from CdS. In
CdS films deposited by chemical bath deposition, the main defect band occurs from 1.7 eV - 1.86
eV and has been attributed to sulfur vacancies.141 The S:Cd ratio at the inlet is 0.98 according
to XPS. The slight sulfur deficiency in the film may be responsible for the red defect emission at
the inlet, but further studies are necessary to conclusively say. By 16 mm from the inlet the single
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Figure 6.8: Photoluminescence of CdZnS film as a function of position on the substrate.
Vertical dotted lines represent where CdS and ZnO band edge emission would occur. ZnS band
edge emission would occur at ∼3.5 eV. Spatially dependent amounts of oxygen impurities are
most likely responsible for the complex PL emission.
broad peak observed near ∼1.8 eV at the inlet has narrowed and increased in intensity, even though
film thickness decreases. From the inlet to 16 mm downstream the intensity of this broad peak
follows the same trend as the oxygen content in the film, implying a possible connection between
the two. Past 16 mm from the inlet the intensity of the broad peak decreases but continues to
shift to higher energies. The decrease in intensity past 16 mm is most likely due to the exponential
decrease in film thickness. Furthermore, the weak shoulder that initially appeared at ∼2.4 eV has
increased in intensity and been blue-shifted by ∼0.2 eV. From the inlet to 16 mm, major composition
changes occur in the film that make direct comparisons between defect states and composition non-
trivial. Photoluminescence spectra of the combinatorially grown CdZnS films provides a wealth of
information concerning the optical and electronic properties of these films. Further theoretical and
experimental studies are necessary to better understand the effects composition, morphology and
structure have on the defect states in CdZnS films.
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6.4 Conclusions
I have demonstrated the first combinatorial chemical bath deposition of semiconductor materials.
The plug flow conditions in the CFµR expose the substrate to a bath composition that varies along
the reactor length, essentially creating a combinatorial library. These combinatorial libraries provide
unprecedented capability to correlate growth conditions with material properties using spatially-
resolved characterization. Combinatorial chemical bath deposition provides a new route to improving
our understanding of chemical bath deposition and ultimately tailoring the properties of thin films
and nanostructured surfaces for optoelectronic devices.
Combinatorial chemical bath deposition has been used to deposit CdZnS films which have
spatially-dependent morphology, composition, structure, and optoelectronic properties. At the inlet,
the films are highly populated with 1 - 2 µm diameter nodules. The frequency and size of the nodules
decrease at positions farther from the inlet. A transition from a cluster-by-cluster growth mecha-
nism to ion-by-ion growth is most likely responsible for the observed changes in film morphology.
The optical band gap of the film increases by 0.3 eV in the first 16 mm of deposition. The increase
in band gap is attributed to the formation of a CdZnS ternary phase and quantum confinement
effects brought on by oxygen impurities. The gradual transition in the S 2p XPS spectra from a
S-Cd bond to a S-Zn bond farther from the inlet, coupled with the inability to fit the Zn K-edge
XANES spectra to any combination of potential single phase materials, supports the formation of
a CdZnS ternary phase. Spatially-resolved characterization has been used to better understand the
relationship between film morphology, composition and structure, and the resulting optoelectronic
properties of CdZnS films. Improved control over the optoelectronic properties of CdZnS buffer
layers will enable increases in thin film solar cell performance.
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Chapter 7: Summary & Conclusions
In summary, I have shown how chemical bath deposition (CBD) in high surface-to-volume ratio batch
and continuous flow microreactors offer distinct advantages over CBD in a traditional batch reactor.
The deposition yield of ZnO nanowire arrays in a batch microreactor was ten times greater than the
same chemistry in a traditional batch reactor. The reduced transport length to the substrate in the
micoreactor mitigated precipitation in solution. Furthermore, the small mass of the microreactor
allows for rapid heating which increased the deposition rate. ZnO nanowire deposition rate was
60% higher in the batch microreactor than in the traditional batch reactor. While increasing the
deposition rate did not have a negative effect on the crystallinity of the material it did reduce the
yield by 10%. The high surface-to-volume batch microreactor design has some clear advantages
over traditional batch reactors but the overall amount of material that can be deposited is limited
by the reduced reactor volume. Performing multiple batch cycles can overcome this limitation but
this approach is time consuming and defects may be introduced at the interface between cycles. A
continuous flow microreactor (CFµR) provides a more elegant solution.
The continuous flow microreactor (CFµR) operates similar to a plug flow reactor. Reaction
conditions are time invariant but spatially dependent. The degree of spatial-dependence of the
reaction conditions is a function of the rate of deposition and the flow rate. In this dissertation, flow
rates were explored that resulted in highly spatially-dependent reaction conditions. Widely varying
reaction conditions resulted in the deposition of films and nanostructured arrays which had spatially-
dependent properties, effectively creating a combinatorial library of materials on a single substrate.
Spatial characterization of this combinatorial library provides a new route to better understand how
CBD conditions affect the material properties of the film or nanostructured array.
Tailoring the optoelectronic properties of films and nanostructured arrays for photovoltaic devices
is a very active area of research. In this dissertation, ZnO nanowires arrays and CdZnS alloy films
were deposited by CBD in the CFµR. ZnO nanowire arrays have shown promise as high surface
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area photoanodes in dye sensitized solar cells. CdZnS thin films have been succesfully used as buffer
layers in thin film photovoltaics. Spatial characterization of a ZnO nanowire array deposited on a
single substrate using the CFµR determined that the growth mechanism for ZnO shifts from 2D
nucleation to spiral growth with decreasing levels of supersaturation in the bath. This transition had
not been observed before in traditional batch reactors. Furthermore, growth at low supersaturation
conditions resulted in a blue shift in the band-edge emmision from the nanowires. This too had not
been reported before and was attributed to compressive strain in the nanowires grown under low
saturation conditions. CdZnS thin films also displayed widely varying properities, most notably an
increase in the optical band gap at positions farther from the inlet. The increase in the band gap
was attributed to zinc substitution for cadmium in the CdS lattice and oxygen impurties in the film.
ZnS and CdS have a band gap of 3.5 and 2.4 eV respectively. If the virtual crystal approximation
is applied then the band gap of the resulting CdZnS alloy will be a linear interpellation of the CdS
and ZnS endpoints. Oxygen impurites may very well play a role in blue shifting the band gap as
well. Oxygen impurities in CdS films have been shown to decrease the grain size bringing about
quantum confinement induced band gap widening.
The high surface-to-volume ratio design of microreactors was also shown to allow in situ char-
acterization of CBD reactions. In situ characterization of crystal growth from solution is a great
challenge. To date, the only in situ measurements made of CBD are pH and film growth rate, using
a quartz crystal microbalance. The work in chapter four is the first in situ spectroscopic study of
CBD. Time-dependent in situ x-ray absorption near-edge structure (XANES) spectroscopy was used
to probe the coordination enviroment around Zn(II) species during ZnO nanowire growth. XANES
spectroscopy is highly sensitive to the coordination environment around a targeted absorber element
and can probe both solid and liquid phases simultaneously. XANES spectroscopy showed that only
two Zn(II) species were present during growth, [Zn(H2O)6]
2+ and ZnO. Hexamethylenetetramine
(HMTA) did not form a zinc complex in solution. This study provides the first conclusive evidence
of the highly debated role of HMTA during the CBD of ZnO nanowires and lays the foundation for
future in situ XANES studies of CBD reactions.
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Appendix A: Experimental Details for Chapter Four
A.1 Synthesis of Zn(OH)2 Phases
A.1.1 δ-ZnOH2 (PDF#00-020-1436)
A 500 mL aqueous solution of 0.015 M Zn(NO3)2 and 0.15 M NH4OH was prepared.1 (NOTE: The
Zn(NO3)2 stock solution was added to the NH4OH solution, not vice versa). The solution was stirred
at 450 rpm at room temperature for 30 minutes. At the end of 30 minutes, the solution sat unstirred
for ∼10 minutes to allow the setting of precipitates. The solution was decanted by removing 300
mL of the supernate with a syringe. The remaining suspension was vacuum filtered and rinsed with
DI water multiple times. A suspension of 4.5 g of precipitates per 100 mL DI water was prepared
and sealed in a borosilicate jar. The suspension was shaken vigorously and placed in a preheated
oven at 60 ◦C for 1 h (unstirred). At the end of 1 h, the heated suspension was vacuum filtered and
rinsed multiple times and dried at 30 ◦C overnight. This preparation makes ∼350 mg of δ-Zn(OH)2
powder.
A.1.2 γ-ZnOH2 (PDF#00-020-1437)
A 500 mL aqueous solution of 0.043 M Zn(NO3)2 and 0.43 M NaOH was prepared (NOTE: The
Zn(NO3)2 stock solution was added to the NaOH solution, not vice versa). The solution was stirred
at 450 rpm at room temperature for 30 minutes. At the end of 30 minutes, the solution sat unstirred
for ∼10 minutes to allow the setting of precipitates. The solution was decanted by removing ∼300
mL of the supernate with a syringe. The remaining suspension was vacuum filtered and rinsed with
DI water multiple times. A suspension of 4.5 g of precipitates per 100 mL DI water was prepared
and sealed in a borosilicate jar. The suspension was shaken vigorously and placed in a preheated
oven at 60 ◦C for 1 h (unstirred). At the end of 1 h, the heated suspension was vacuum filtered and
rinsed multiple times and dried at 30 ◦C overnight. This preparation makes ∼700 mg of γ-Zn(OH)2
powder.
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A.1.3 -ZnOH2 (PDF#00-038-0385)
Stock aqueous solutions of 1 M Zn(NO3)2 and 4 M NaOH were prepared.2 20 mL of the 1 M
Zn(NO3)2 stock solution was transferred to a 100 mL beaker in an ice bath. 30 mL of the 4 M
NaOH stock solution was gradually added to the beaker. 50 mL of DI water was added to the
beaker to bring the total volume to 100 mL. The solution was transferred to a 250 mL borosilicate
jar beaker and magnetically stirred at 450 rpm for 2 h at 25 ◦C. At the end of 2 h, the jar was
placed in a 65 ◦C water bath for 5 h (unstirred). The resulting suspension was vacuum filtered and
rinsed with DI water multiple times and dried at 50 ◦C for 1 hr. This preparation makes ∼2 g of
-Zn(OH)2 powder.
A.2 X-ray diffraction of Zinc Hydroxide Phases
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Figure A.1: X-ray diffraction 2Θ scans of δ, γ and  zinc hydroxide powders.
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A.3 TEM of deposition at 60 ◦C
Figure A.2: Electron diffraction pattern of hemispherical honeycomb-like structure grown at
60 ◦C on the CdO seeded polyimide tube. Diffraction pattern shows the deposited material to
be crystalline wurtzite ZnO.
A.4 ZnO Radiation Damage Tests
Consecutive spectra were taken of ZnO nanowires grown in the microreactor at both 60 ◦C and 90
◦C to test for radiation-induced changes. Figure S2 shows the whiteline peaks for XANES spectra of
the ZnO nanowires taken while the wires were in air. Each point is a sum of ten consecutive scans,
and the error bars represent the standard deviation of that sum. For nanowires grown at both 60
◦C and 90 ◦C, there was no trend in the change in the whiteline, indicating no detectable radiation
damage over the 2 h scan period. Figure S3 shows similar scans taken of ZnO nanowires immersed
in DI water at room temperature. The wires grown at 90 ◦C (Figure S3a) show a slight increase
in the whiteline over the 1 hour exposure to x-rays, but the increase is within the uncertainty of
a single scan (∼0.2%). The wires grown at 60 ◦C (Figure S3b) show a significant increase in the
whiteline (about 4% over an hour of scanning). This increase is attributed to the dissolution of ZnO
in water and not to x-ray-induced damage. The dissolution rate of ZnO grown at 60 ◦C is faster
than ZnO grown at 90 ◦C due to the increased number surface defects in the ZnO grown at a lower
temperature.
105
Figure A.3: Whiteline peaks for XANES spectra of ZnO nanowires grown at (a) 90 ◦C and
(b) 60 ◦C. Scans were taken while the wires were dry (blown dry with N2 and scanned while
left open to air) and at room temperature. No radiation damage is observed.
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Figure A.4: Whiteline peaks for XANES spectra of ZnO nanowires taken while the wires
were immersed in DI water at room temperature. Scans are of nanowires grown at (a) 90 ◦C
and (b) 60 ◦C. No significant radiation damage is observed in either case. The increase in (b)
is attributed to faster dissolution of ZnO grown at lower temperature because of the higher
concentration of surface defects.
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Appendix B: Experimental Details for Chapter Six
B.1 Sulfur K-edge XANES Spectra
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Figure B.1: Sulfur K-edge XANES spectra of CdZnS film near the inlet, cubic CdS powder,
hexagonal CdS powder and ZnS powder. The CdZnS film spectra best resembles the cubic
phase CdS spectra.
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